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Abstract 
Wastewater treatment plants (WWTP) are widely applied in practice to remove nutrients from 
wastewater and to minimize its impact when discharged to the environment. However, approximately 
1/3 of the total organic carbon is converted into waste activated sludge (WAS), the treatment and 
disposal of which accounts for up to 20~60% of the overall costs of the wastewater treatment due to 
its poor biodegradability. In order to achieve sludge reduction and maximize the methane production 
from WAS, pre-treatment is often required. The overall objective of this thesis is to investigate the 
effects of free nitrous acid (FNA, i.e. HNO2) pre-treatment on the biodegradability of primary, 
secondary and digested sludges in WWTPs and also to reveal the mechanisms by which FNA works 
to improve the sludge degradability.  
 
The feasibility of a novel pre-treatment strategy using combined FNA and hydrogen peroxide (H2O2) 
to enhance methane production from WAS was investigated. WAS from a full-scale plant was treated 
with FNA alone (1.54 mg N/L), H2O2 alone (10~80 mg/g TS), and their combinations followed by 
biochemical methane potential (BMP) tests. Combined FNA and H2O2 pre-treatment substantially 
enhanced methane potential of WAS by 59~83%, compared to 13~23% and 56% with H2O2 pre-
treatment alone and FNA pre-treatment alone respectively. Model-based analysis indicated the 
increased methane potential was mainly associated with an increase of up to 163% in rapidly 
biodegradable fraction with combined pre-treatment.  
 
Considering that extracellular polymeric substances (EPS) are a major component in sludge flocs, the 
chemical breakdown of EPS components by FNA is hypothesized to partially account for the 
improvement of sludge biodegradability in addition to enhanced cell lysis. EPS extracted from WAS 
was treated with FNA at 2.0 mg HNO2-N/L (260 mgNO2
--N/L and pH 5.5). The treatment resulted 
in the breakdown of macromolecules into smaller molecules. The chemical structure analysis of EPS, 
using Fourier transform infrared, ascribed the breakdown to FNA-induced deamination of proteins, 
amino sugars and nucleic acids, implying that the main targets of FNA in EPS are protein-like 
substances. Particle size distribution analysis of the original WAS revealed that the same FNA sludge 
treatment significantly reduced the floc size, which supported the findings that FNA breaks down 
EPS in activated sludge flocs. A combined pre-treatment of WAS with FNA, H2O2 was applied. This 
resulted in the breakdown of macromolecules via deamination as mentioned above, and caused the 
oxidation of the typical functional groups in proteins, polysaccharides and phosphodiesters. These 
changes likely improved the biodegradability of WAS. 
 
In some WWTPs, primary sludge (PS) and WAS are commonly mixed and digested simultaneously 
in the anaerobic digester. In order to reveal whether and how the PS and WAS should be jointly 
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treated by FNA in WWTPs, the effects and mechanisms of FNA pre-treatment on methane production 
from PS was studied. Full-scale derived PS was pre-treated with FNA at concentrations of 0~3.85 mg 
N/L followed by BMP tests. FNA treated PS was then centrifuged to separate the supernatant from 
the solid phase and BMP tests were performed on both fractions. The FNA pre-treatments resulted in 
methane potential reductions of 1~7%. The methane production from both supernatant and solid 
phases had also decreased. The molecular weight and chemical structure analysis of components of 
the soluble phase showed very limited release of readily biodegradable substances from PS with the 
FNA pre-treatment. As the FNA pre-treatment compromised the methane production from PS, this 
indicates that FNA-based sludge pre-treatment technology should be implemented solely on WAS to 
maximise the methane production from the two sludge streams. 
 
The ever increasing production of the two sludge streams occurring due to increased population will 
create challenges for handling, treatment and disposal of the sludge at current capacity, making it 
difficult to achieve the desirable sludge reduction efficiency in anaerobic digestion. Post anaerobic 
digestion of anaerobically digested sludge (ADS) has been applied to enhance sludge reduction, 
however, so far this has had only limited success. Therefore, a novel strategy based on an FNA 
treatment to enhance full-scale ADS degradation using a post anaerobic digestion was studied. The 
ADS was collected from a full-scale WWTP, subjected to FNA treatment at concentrations of 0.77, 
1.54, 2.31, 3.08, and 3.85 mg N/L for 24 hours and then BMP tests were performed. The sludge 
degradation and methane production from ADS after post anaerobic digestion with and without FNA 
treatment were compared. All the FNA treatments resulted in increased sludge degradation (from 
25% to 49% compared to the control), with the highest improvement achieved at an FNA 
concentration of 0.77 mg N/L. The FNA treatment at this concentration also resulted in the highest 
increase in methane production (40%) in comparison to the control. An economic analysis indicated 
that FNA treatment is economically viable for enhancing post anaerobic digestion of full-scale ADS. 
 
The studies in this thesis investigated the effects of FNA pre-treatment on the biodegradability of 
primary, secondary and digested sludges in WWTPs. This is of significant importance to facilitate 
the optimization of FNA-based sludge pre-treatment technology and to maximize the benefits of the 
pre-treatment. 
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Chapter 1 Introduction and Literature review 
1.1 Background 
Wastewater treatment plants (WWTP) are widely applied in practice to remove nutrients from 
wastewater so it is suitable for discharge to the environment. In a typical WWTP using activated 
sludge, roughly 2/3 of the total organic carbon in the wastewater is mineralized, while the remainder 
is converted into waste activated sludge (WAS) (Metcalf; and Eddy, 2003). Then aerobic or anaerobic 
digestion is used to minimize sludge production and stabilize the sludge prior to disposal. The 
subsequent treatment and disposal of the WAS accounts for up to 20~60% of the overall costs of the 
wastewater treatment (Foladori et al., 2010). However, the sludge is a significant pool of organic 
carbon that has the potential to be recovered through methane production. 
 
Unfortunately, WAS has poor biodegradability and pre-treatment is often required for sludge 
reduction and to make this source of organic carbon available for methane production (Appels et al., 
2008). Various technologies including mechanical, thermal and chemical treatment are being used 
for this purpose (Appels et al., 2008, Carrere et al., 2010, Foladori et al., 2010), most of which are 
cost intensive due to extensive energy and/or chemical requirements (Foladori et al., 2010, Carballa 
et al., 2011).  
 
Application of free nitrous acid (FNA i.e. HNO2), a renewable and low cost chemical that can be 
produced on WWTP sites by nitritation of anaerobic digestion liquor, demonstrates to be effective in 
causing cell lysis (Jiang et al., 2011, Pijuan et al., 2012) and improving sludge biodegradability (Wang 
et al., 2013, Wang et al., 2013). The FNA-based sludge treatment technology was further proposed 
to be economically attractive (Wang et al., 2013, Wang et al., 2013, Wang and Yuan, 2015), which 
poses a significant advantage over most of the current available cost-intensive technologies. Recently, 
the in situ production of H2O2 from wastewater through a bio-electrochemical system has been 
proposed and tested (Rozendal et al., 2009). Previous studies demonstrate that a combined FNA and 
H2O2 pre-treatment further destroys microbial species and anaerobic wastewater biofilms compared 
with a FNA pre-treatment alone (Heaselgrave et al., 2010, Jiang and Yuan, 2013). Therefore, this 
opens the possibility of applying the combination of FNA with oxidants (e.g. H2O2 and O2) to further 
enhance the WAS biodegradability. 
 
WAS consists of not only cells, but a large component can be extracellular polymeric substances 
(EPS) which is comprised of different types of biopolymers (e.g. proteins and polysaccharides). The 
EPS forms the three-dimensional scaffold structure of the aggregates and facilitates the effective 
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function of the sludge. In fact, EPS can account for up to 33~42% of the volatile solids in sludge 
(Frølund et al., 1996, Wang et al., 2013) and their components and structure have significant impacts 
on sludge biodegradability (Liao et al., 2001, Wang et al., 2007, Park et al., 2008). Many studies show 
that both aerobic and anaerobic biodegradability of WAS is enhanced effectively by removing the 
EPS from the WAS flocs, this being achieved through application of lytic bacterial strains, bacterial 
secreted enzymes or surfactant (Kavitha et al., 2013, Kavitha et al., 2014, Kavitha et al., 2014, 
Lakshmi et al., 2014). However, a detailed understanding of the role of EPS in FNA-based WAS pre-
treatment and the mechanisms in the combined pre-treatment with FNA and the oxidants are lacking, 
and such detail is in need for the application and optimization of the technology. 
 
In some domestic wastewater treatment plants, there are generally two sludge streams, these being 
the WAS and the primary sludge (PS). Typically these are mixed and digested together. The PS has 
distinctive characteristics in comparison to WAS, it has much lower level of microbial cells, lower 
levels of protein but higher fatty acid content (Sato et al., 2001, Gavala et al., 2003, Wilson and 
Novak, 2009). It is demonstrated that the macromolecular constituents of the sludge have an inherent 
impact on the effectiveness of the sludge pre-treatment (Wilson and Novak, 2009). Therefore, there 
is the question of whether it may be benefitial to treat PS and WAS separately, which could impact 
on the investment of the WWTP, the efficiency of the pre-treatment and subsequent anaerobic 
digestion.  
 
After being digested anaerobically together, the two major sludge streams become digested sludge. 
However, in some wastewater treatment plants, due to the ever increasing volumes of the two sludge 
streams, occurring through increased population, the desired sludge reduction efficiency is difficult 
to achieve. Therefore, post anaerobic digestion of anaerobically digested sludge (ADS) has been 
applied in some WWTPs to enhance sludge reduction with a shorter sludge retention time (SRT) for 
anaerobic digestion. For example, around 5.5% of the sludge degradation (volatile solid basis) was 
observed in a post anaerobic digester with a sludge retention time (SRT) of 4 days in a local WWTP 
in Queensland, Australia (personal communication with industry partners). 
 
Based on the aforementioned background knowledge, this thesis aims to address the following 
technology and knowledge gaps: 
 The feasibility of using combinations of FNA and oxidants (H2O2 and O2) to enhance 
WAS biodegradability. 
 The effects of FNA on EPS from WAS and the mechanisms responsible for the improved 
sludge biodegradability with the combined FNA and H2O2 pre-treatment. 
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 The effects of FNA on the biodegradability of primary sludge and the implications on the 
optimization of the FNA application in wastewater treatment systems. 
 The feasibility of using FNA treatment to enhance the sludge reduction and methane 
production of anaerobically digested sludge in post anaerobic digestion. 
1.2 Brief introduction of biological wastewater treatment  
Organic nutrients and nitrogen removal 
Domestic wastewater is rich in organic nutrients that require removal before it can be discharged into 
natural water bodies. This removal is generally achieved through aerobic oxidation and or 
denitrification by heterotrophic denitrifiers (Metcalf; and Eddy, 2003). Typically heterotrophic 
bacteria are the most dominant forces to degrade the organic nutrients in biological wastewater 
treatment systems. 
 
The process of biological nitrogen removal is widely applied for nitrogen control in wastewater 
treatment. This occurs through autotrophic nitrification and heterotrophilc denitrification. During 
nitrification the ammonium (NH4
+) is converted into nitrate (NO3-) by ammonium-oxidizing bacteria 
(AOB) and nitrite-oxidizing bacteria (NOB). The nitrate is then sequentially reduced to NO2-, nitric 
oxide (NO), nitrous oxide (N2O) and finally to nitrogen gas (N2) by denitrifying bacteria that require 
organic carbon.  
 
In addition to the aforementioned typical nitrogen removal process, some novel nitrogen removal 
processes have been developed for treatment of wastewaters with high nitrogen loads and/or low 
carbon to nitrogen ratios, Examples of these alternative approaches include a short-cut nitrogen 
removal via nitrite that by passes nitrate production (NH4
+→NO2-→N2) (Ma et al., 2009, Park et al., 
2009, Kim et al., 2012, Wang et al., 2014) and a process that couples nitritation (NH4
+→NO2-) with 
anaerobic ammonium oxidation (Anammox) (Van Loosdrecht and Henze, 1999, Mulder et al., 2001, 
Kampschreur et al., 2008).  
1.3 Sludge production, management and characteristics 
1.3.1 Sludge streams and their characteristics 
The sludge in WWTPs is generally classified into primary sludge and WAS and these have 
significantly distinct characteristics regarding both compositions and properties (Foladori et al., 
2010).  
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Primary sludge is the solid separated from raw wastewater in the primary settler. Compared to WAS, 
it has a much lower level of microbial cells, lower levels of protein but higher fatty acid content 
(Wilson and Novak, 2009). Primary sludge is readily settleable and biodegradable with up to 60% 
solid reduction in digesters (Foladori et al., 2010).  
 
Sludge produced by biological processes in the activated sludge treatment is then concentrated to 
become WAS by clarification. It mainly consists of biomass used in the treatment processes, 
extracellular polymeric substances (EPS) excreted by bacterial cells, recalcitrant organic compounds 
originating from the wastewater or formed during bacterial decay, and inorganics from wastewater. 
WAS is known for its poor degradability in digesters with a sludge reduction of approximately 30% 
(volatile solid basis) (Foladori et al., 2010). 
1.3.2 The significance of EPS in sludge treatment  
Overview of EPS 
Microorganisms accumulate on interfaces to form microbial aggregates such as flocs, sludge or 
biofilms. The formation of aggregates allows phenotypic and functional shifts in behaviours that are 
entirely different from the planktonic state (Latifi et al., 1995, Becker et al., 2001, Toyofuku et al., 
2007). The EPS, secreted from the microorganisms, is responsible for the adhesion to substrata and 
cohesion within microbial aggregates. EPS, consisting of a conglomeration of different types of 
biopolymers, can account for up to 33~42% of the volatile solids in sludge (Wang et al., 2013).  
 
Various pathways of biosynthesis and secretion mechanisms of EPS are reported. EPS can be actively 
secreted by living cells, released by the spontaneous liberation of cellular components from outer 
membrane–derived vesicles or result from cell lysis (Wingender et al., 2012). Though the EPS matrix 
widely exists in microbial aggregates, they vary significantly in EPS components and structure due 
to the different microorganisms present, the shear forces experienced, the temperature and nutrient 
availability.  
The structure and composition of EPS 
The EPS and sludge floc structure 
The macromolecules in EPS are linked via weak reversible forces to support the three-dimensional 
structure of microbial aggregates (Harrison et al., 2005). The matrix is proposed to have a dynamic 
double-layered EPS structure with loosely bound EPS (LB-EPS) diffused in the outer layer and tightly 
bound EPS (TB-EPS) surrounding the cells (Poxon and Darby, 1997) as shown in Figure 1. 
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The structure of sludge flocs is highly related to EPS structure and is readily influenced by many 
factors, including hydrodynamic conditions, nutrient availability, bacterial motility and intercellular 
communication. In addition, the EPS composition and the interaction of anionic EPS with multivalent 
cations also play an important and fundamental role in microbial aggregate structure (Korstgens et 
al., 2001, Tielen et al., 2005, Branda et al., 2006). 
 
Figure 1 Proposed multi-layer structural model for the sludge flocs in wastewater treatment (Sheng 
et al., 2010). 
The compositions of EPS 
The polysaccharides, proteins, extracellular DNA, and humic substances are widely demonstrated as 
important components of the EPS matrix in various microbial aggregates (Sutherland, 2001, Jiao et 
al., 2010, Pierre et al., 2010, Cao et al., 2011). They are formed by polymerization of similar or 
identical building blocks (Table 1), which may be arranged as repeating units within the polymer 
molecules.  
Table 1 General compositions of bacterial EPS (Nielsen et al., 1997, Sheng et al., 2008) 
EPS 
Principal 
components 
(subunits, 
precursors) 
Main type of linkage 
between subunits 
Structure 
of polymer 
backbone 
Substituents 
Polysaccharides 
Monosaccharides, 
Uronic acid 
Glycosidic bonds 
Linear, 
branched 
Organic: O-
acetyl, N-acetyl, 
succinyl, pyruvyl 
Inorganic: 
sulfate, phosphate 
 Amino sugars 
Proteins Amino acids Peptide bonds Linear 
Oligosaccharides 
(glycoproteins) 
Fatty acids 
(lipoproteins) 
Nucleic acids Nucleotides Phosphodiester bonds Linear - 
(phosphor) 
lipids 
Fatty acids, Glycerol, 
Ethanolamine, Serine, 
Chlorine, Sugars 
Ester bonds Side chains - 
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Humic 
substances 
Phenolic compound 
Ether bonds, C-C bonds, 
peptide bonds 
Cross-
linked 
- 
 
Exopolysaccharides 
Polysaccharides are a major fraction of the EPS matrix (Frølund et al., 1996, Wingender et al., 2012). 
Most are long molecules, linear or branched, with molecular mass ranges of 5×102 kDa to 2×103 kDa. 
In recent years, exopolysaccharides from an extensive range of microbial aggregates derived from 
diverse environments have been isolated and characterized (Sutherland, 2001, Seviour et al., 2010). 
Several polysaccharides are homopolysaccharides, while most exopolysaccharides are 
heteropolysaccharides that are comprised of different neutral and charged sugar residues. These 
residues contain organic or inorganic substituents that greatly affect their physical and biological 
properties (Sutherland, 2001). 
 
Proteins 
The EPS matrix may contain considerable amounts of proteins that might far exceed the 
polysaccharide content on a mass basis (Frølund et al., 1996, Jahn and Nielsen, 1998, Conrad et al., 
2003). The extracellular proteins are categorized into extracellular enzymes and structural proteins. 
The presence of various extracellular enzymes can give the matrix external digestive functions that 
break down biopolymers to low-molecular-weight products, which can then be taken up by the cells 
and utilized as carbon and energy sources. In addition, some enzymes are involved in the degradation 
of structural EPS in response to environmental changes such as nutrient shortage (Gjermansen et al., 
2005). The non-enzymatic proteins may be involved in the formation and stabilization of the matrix 
structure. An example of these is the cell surface-associated and extracellular carbohydrate-binding 
proteins (Higgins and Novak, 1997).  
 
Extracellular DNA (eDNA)  
Extracellular DNA is found in various microbial aggregates, particularly large amounts are present 
in wastewater biofilms (Frølund et al., 1996). The importance of nucleic acids in microbial aggregates 
was observed in self-flocculating bacterial species from the genus Rhodovulum (Watanabe et al., 
1998). It is seen that DNase is capable of inhibiting the biofilm formation of P. aeruginosa 
(Whitchurch et al., 2002). It is also reported that eDNA has antimicrobial activity, causing cell lysis 
by chelating cations that stabilize lipopolysaccharide and the bacterial outer membrane (Mulcahy et 
al., 2008). 
 
Other substances 
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In addition to the major aforementioned components in the EPS matrix, humic substances, lipids and 
other biosurfactant molecules also account for a large portion of the matrix (Frølund et al., 1996, 
Conrad et al., 2003, Davey et al., 2003). These components provide the EPS matrix with hydrophobic 
properties that can help microorganisms adhere to hydrophobic surfaces and facilitate the formation 
of micelle-like structures with hydrophobic properties for the adsorption of organic pollutants 
(Wershaw et al., 1986, Whitchurch et al., 2002). Recently, it was seen that the mineral fraction in 
EPS from anaerobic granular sludge accounted for 20~77% of the EPS dry weight. This is a fraction 
that is often neglected, but may have influence on the physicochemical properties of EPS (D'Abzac 
et al., 2010).  
Role of EPS in sludge treatment 
The properties of microbial aggregates have significant impact on the efficacy of wastewater 
treatment. These properties could be influenced by the amount and composition of EPS in the 
microbial aggregates. 
 
Flocculation and settleability properties  
The extracellular proteins have been demonstrated to be strongly involved in the aggregation of 
bacteria into flocs (Higgins and Novak, 1997). Higher protein content of activated sludge results in 
higher hydrophobicity which then leads to better flocculation and settling performance (Hoa et al., 
2003, Liu and Fang, 2003). However, the exopolysaccharides are indicated to be the major surface 
charge carriers in EPS and their hydrophilic properties could adversely impact on sludge settleability 
(Magara et al., 1976). 
 
Dewatering properties 
Proteins and carbohydrates have significant influence on the water binding ability of sludge flocs 
(Kang et al., 1989). High concentration of ions (Ca2+, Mg2+, Fe3+ and Al3+) in the sludge is also shown 
to enhance dewaterability significantly (Jin et al., 2004). The EPS structure also influences 
dewaterability. For example, excessive LB-EPS could cause weakened cell attachment and floc 
structure, this resulting in poor flocculation and lowering the sludge-water separation (Li and Yang, 
2007).  
 
Mass transfer properties 
In the structure of sludge flocs, large amounts of extracellular polymers are embedded. The mass 
transport of small molecules within the sludge flocs is determined by diffusion, which can be 
negatively impacted by the gel-like EPS matrix (Characklis et al., 1990, Li and Ganczarczyk, 1990). 
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Mass transfer efficiency is one of the key factors that influences the chemical removal of biofouling 
from membrane bioreactors in water treatment. 
 
Sorption capacity 
The amount of chemical functional groups in EPS is crucial for determining the sorption capacity of 
the polymeric substances. It is revealed that the sorption of heavy metals is driven by a combination 
of the entropy change in the system and by the structural disorder of EPS in the presence of metals 
(Sheng et al., 2008). It is seen that the capsular EPS on the cell membrane reduces the membrane 
permeability by deforming key functional groups (e.g., C-O-C stretching in carbohydrates and C=O 
stretching in ester groups) in EPS and the cell membrane to protect the cells from toxic substances 
(Xue et al., 2013). 
 
Surface characteristics 
Higher Total carbohydrate levels in EPS are observed to have a negative influence on the 
hydrophobicity and surface charge. In contrast, increased protein levels showed a marginally positive 
influence on the surface charge. Additionally, the total EPS content of sludge does not seem to 
correlate with the hydrophobicity (Jorand et al., 1995, Liao et al., 2001).  
 
Stability 
EPS plays a crucial role in the stabilization of flocs. The mechanical properties of EPS enable flocs 
to adapt to shear forces by variation of rheological features such as reversible elastic responses and 
irreversible deformation (Korstgens et al., 2001, Rupp et al., 2005). Those properties could be greatly 
affected by the interaction of multivalent inorganic ions within the EPS in the flocs. The lower content 
of the readily extractable EPS and a lower protein/carbohydrate ratio are reported to be favourable 
for greater stability of microbial aggregates (Rupp et al., 2005). 
EPS extraction methods and analysis techniques 
EPS extraction methods 
EPS extraction is essential for EPS characterization. However, no universal method exists for a 
quantitative extraction of bound EPS from microbial aggregates. A number of methods including 
various physical or chemical methods or combinations thereof have been applied in studies on pure 
cultures or undefined cultures that are mainly in activated sludge.  
 
The methods are evaluated by extraction efficiency calculated as the total amount of EPS extracted 
from all the organic matter in a certain sample, extent of the contamination by intracellular 
macromolecules evaluated by ATP or DNA (Grotenhuis et al., 1991), intracellular enzymes (Pellicer-
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Nacher et al., 2013), or 2-keto-3-deoxyoctonate in the lipopolysaccharide (Seviour et al., 2011) and 
disruption of macromolecules which is of importance when the chemical structure or properties of 
the macromolecules are required to be investigated.  
 
Sheng et al. (2010) listed the mechanisms of different EPS extraction methods and the various 
systems in which all these methods have been used (Table 2).  
Table 2 Comparison of EPS extraction methods (Sheng et al., 2010) 
 Method System Mechanism References 
Physical 
methods 
Sonication 
UASB granule 
Activated sludge Impulsive pressure from sonication 
and centrifugal force 
Quarmby and 
Forster (1995);  
Dignac et al. (1998) 
Centrifugation 
Anaerobic 
sludge 
Fang and Jia (1996) 
Heating Activated sludge 
Thermodynamically enhance the 
molecular movement to accelerate 
EPS dissolution 
Li and Yang (2007) 
Chemical 
methods 
Alkaline 
treatment 
Activated sludge 
Ionization of some functional groups 
to produce repulsion between EPS and 
cells 
Sheng et al. (2005) 
Brown and Lester 
(1980) 
EDTA 
Anaerobic 
sludge Removal of the divalent cations in the 
EPS 
Fang and Jia (1996) 
Cation 
exchange resin 
Activated sludge Frølund et al. (1996) 
NaCl P. aeruginosa 
High concentration of NaCl facilitates 
cation exchange 
May and 
Chakrabarty (1994) 
Acidic 
treatment 
R. acidophila 
Improve the repulsive force and 
disrupt the interaction between EPS 
and cells 
Sheng et al. (2005) 
HCHO+NaOH Activated sludge HCHO addition reduces the cell lysis Liu and Fang (2002) 
Enzymatic 
extraction 
Activated sludge Hydrolysis disruption of the structure Sesay et al. (2006) 
 
Comte et al. (2006) compared the efficiency of chemical and physical methods for EPS extraction 
from activated sludge and illustrated that the extraction efficiency of the chemical extraction methods 
were generally higher than that of the physical methods. However, the higher yield efficiency was 
due to the breakdown of macromolecules and the release of intracellular substances caused by cell 
lysis (Karapanagiotis et al., 1989). In contrast to the chemical extraction methods, the cation exchange 
method does not show any significant impact on cell disruption (Frølund et al., 1996). The 
determination of the EPS extraction method should be made not only depending on the amount 
extracted, but also needs considering the integrity of the macromolecules extracted and the possible 
contamination by cell lysis components and the extractants used. 
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EPS analysis techniques 
The techniques for analysis of EPS components can be divided roughly into two categories: 
destructive and non-destructive. The destructive techniques require destructive sample preparation 
and provide quantitative information that is relevant at the time of sampling. Therefore, these 
techniques would remove information regarding the spatial distribution, interrelationships, and 
structure of these constituents (Lawrence et al., 2003). By contrast, non-destructive imaging 
techniques are used to provide information on spatial relationships between the different components 
without invasive sample disruption (Virdis et al., 2012).  
 
The development of non-destructive techniques significantly facilitates the understanding of the 
structural properties and the spatial relationships between organisms and the EPS matrix in microbial 
aggregates. The vibrational spectroscopic techniques such as infrared (IR) and Raman spectroscopy 
have been used to investigate the composition of EPS as well as determining details of its properties 
by analyzing their chemical groups (Schmitt and Flemming, 1998, Cao et al., 2011, Virdis et al., 
2012). Nuclear magnetic resonance (NMR) has become an important standard technique for the 
investigation of molecular structure of macromolecules and for determining interactions of EPS with 
metals (Seviour et al., 2010, Yu et al., 2011). Another technique broadly employed is confocal laser 
scanning microscopy (CLSM) in combination with different fluorescent stains to visualize the 
distribution and interaction of EPS components with microorganisms (McSwain et al., 2005, Chen et 
al., 2007, Wagner et al., 2009). In addition, the molecular weight distribution and elemental analysis 
can be conducted to facilitate the understanding of the complicated EPS matrix by incorporating other 
quantitative and qualitative techniques. This includes the techniques of high pressure size exclusion 
chromatography (HPSEC), gel permeation chromatography (GPC), gas chromatography- mass 
spectrometry (GC-MS), 3 dimentional excitation emission matrix (3-D EEM), and X-ray 
photoelectron spectroscopy (XPS).  
1.3.3 Sludge treatment and disposal options 
Conventional sludge treatment and disposal options 
WAS produced from WWTPs contains considerable amount of pathogens, biodegradable fractions 
and high water content around 99% (Yu et al., 2010). Due to potential environmental impacts this 
sludge requires treatment prior to disposal. Therefore, sludge treatment has been applied in practice 
for decades to reduce sludge volume, making it stable for disposal and to recover energy from the 
sludge. Traditionally, WAS from the water treatment system is subject to thickening, stabilization, 
and dewatering before its disposal. Gravity, flotation and centrifugation are widely used for sludge 
thickening to reduce the sludge volume while increasing the concentration of solids. The thickened 
sludge is then stabilized by either aerobic or anaerobic digestion through which the biodegradable 
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fraction in the sludge is reduced and the pathogens are destroyed. Afterwards, the stabilized sludge is 
dewatered mechanically, i.e. by use of filter presses, belt presses, vacuum filters and centrifuges, to 
minimize the volume of the sludge to make it ready for the disposal.   
 
Anaerobic digestion is the degradation of complex organic matters to CH4 and CO2 in the absence of 
oxygen. This is achieved by the combined activities of multiple types of microorganisms. The ability 
to generate bioenergy in the form of methane is an advantage of anaerobic digestion over aerobic 
digestion. However, anaerobic digestion is practically suitable for only medium- or large-size 
WWTPs due to high capital costs (Metcalf; and Eddy, 2003). Post anaerobic digestion has been 
applied in some WWTPs to further reduce the sludge volume and increase biogas production. In 
contrast aerobic digestion is the process of stabilizing sludge in the presence of oxygen by aerobic 
microorganisms. During aerobic digestion, the readily biodegradable fraction in the sludge is depleted 
and the microorganisms go into a starvation state. In this state some cells will lyse and others cells 
will utilize the released cellular matter to maintain themselves. When this process lasts over an 
extended period of time, the total amount of biomass will be substantially reduced. The advantages 
of aerobic digestion over anaerobic digestion include ease of operation and management and lower 
capital costs. These advantages make the process more suitable for small- and medium-size WWTPs 
(Metcalf; and Eddy, 2003).  
 
Sludge disposal can be done in various ways and these will have different consequences. Disposal 
such as landfill, agriculture/land reuse, incineration and other processes are most commonly used 
practices worldwide. Landfill has been the prevailing and low cost sludge disposal option, but is 
steadily being restricted in some countries due to its unsustainability and significant drawbacks such 
as greenhouse gas emissions, the presence of toxic materials in leachate, and large land requirements. 
Application of sludge for agriculture/land reuse is a more sustainable disposal which utilizes the 
water, solids, organics and nutrients in the sludge. However, the presence of pathogens and hazardous 
substances such as heavy metals, micro-pollutants and antimicrobial agents compromises the benefits 
and the agriculture/land reuse of the sludge is strictly regulated by specific guidelines. Another sludge 
disposal option is incineration, where the volatile solids in the sludge are burnt into carbon dioxide 
and water with the potential merit of heat production. However, the problems of considerable costs, 
loss of organics and nutrients and air pollution impede the wide application of incineration (Metcalf; 
and Eddy, 2003). Other disposal options include the use of ponds, industrial reuse, and production of 
Portland cement by use of incinerator ash (Spinosa, 2011). In conclusion, the option for sludge 
disposal in a particular scenario has to be considered comprehensively with the economic, technical 
and geographical factors taken into account. 
Sludge pre-treatment technologies for enhancing sludge reduction and methane production 
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Sludge pre-treatment has been widely applied prior to anaerobic digestion to improve the 
biodegradability of the sludge and to improve the methane production in the anaerobic digestion (AD). 
The sludge pre-treatment can improve AD methane production by 20-145% (Carrere et al., 2010). 
Sludge pre-treatment technologies can be generally categorized into mechanical, chemical, thermal, 
and biological processes. They can be applied either in the wastewater treatment line or in a sludge 
treatment line, as shown in Figure 2. The pre-treatment results in the disruption of EPS matrix and 
the lysis of bacterial cells, facilitating the release of extracellular and intracellular materials for the 
microorganisms to consume. Consequently, sludge production is reduced and/or the methane 
production is enhanced.  
 
Figure 2 Potential locations for sludge pre-treatment in a wastewater treatment plant (Carballa et 
al., 2011). T1 and T2: integrated in wastewater treatment line; T3, T4, T5 and T6: applied in sludge 
treatment line.  
 
Mechanical pre-treatment 
Mechanical pre-treatment focuses on disruption of cell structure and EPS matrix by external forces. 
The commonly used mechanical pre-treatment methods are briefly summarised. Ultrasonic pre-
treatment is based on cavitation and the formation of hydroxyl radicals, which can enhance the sludge 
floc destruction (Chu et al., 2002, Huan et al., 2009). It is reported that the sludge volume can be 
reduced by up to 91% in a lab-scale sequencing batch reactor (SBR) system, when part of the sludge 
was treated in an external ultrasound reaction tank with an ultrasound intensity of 120 kW/kg DS (dry 
solid) for 15 min (Zhang et al., 2010). The methane production from the thickened secondary sludge 
was also improved significantly with ultrasonic pre-treatment, with 64% higher compared to that 
from the sludge without any pre-treatment (Wang et al., 1999). Another mechanical treatment is by 
lysis-thickening centrifugation. Here a centrifuge is equipped with rotating cutting tools for sludge 
disintegration prior to anaerobic digestion. It has been applied directly to the thickened sludge stream 
in a dewatering centrifuge and subsequent biogas production is also increased by 15~26% (Zabranska 
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et al., 2006). The stirred ball mill is another mechanical method. This mainly consists of a grinding 
chamber filled with grinding spheres generating shearing forces that disrupt the sludge. It is reported 
that 60% increase in methane production is achieved from sludge pre-treated by the stirred ball mill 
before anaerobic digestion (Baier and Schmidheiny, 1997). High-pressure homogenization is an 
alternative mechanical pre-treatment approach. In this pre-treatment the sludge is disrupted by the 
cavitation and collision caused by the high pressure in the homogenizer which is 50 times higher than 
atmospheric pressure. Application at a full-scale plant in Germany resulted in a 23% increase in 
sludge reduction and 30% increase in biogas production (Onyeche, 2004, Onyeche, 2007) 
 
Chemical pre-treatment 
Chemical pre-treatment methods are mainly by ozonation, chlorination, Fenton oxidation and alkaline 
hydrolysis, all of which involve the addition of oxidants and caustic substances. Ozone, as a strong 
oxidant, can easily cause sludge disintegration, cell destruction, as well as the mineralization of intra- 
and extracellular substances. This occurs by direct ozone oxidation and/or the oxidative effects of its 
by-products such as hydroxyl radicals. In pilot- and full-scale trials the WWTP sludge was treated 
externally with ozonation at 0.05 g O3/gMLSS and then circlated back to the reactor. The resulting 
sludge production was minimized to zero (Yasui et al., 1996). Similarly, another study reported 25% 
sludge reduction in an alternating anoxic/aerobic reactor after 20% of the sludge from the reactor was 
exposed to the same ozone concentration externally and then returned to the reactor (Dytczak et al., 
2007). In addition to sludge reduction, methane production from the ozone-treated sludge at 0.2 g 
O3/gTSS was reported to be approximately three times higher than that from untreated sludge (Yeom 
et al., 2002). Chlorine is another strong oxidant used for sludge reduction. In a lab-scale system 65% 
sludge reduction was achieved when chlorine-treatment was applied to sludge which was then 
recycled back to the membrane bioreactor (MBR) (Saby et al., 2002). Fenton oxidation serves as 
another available option for sludge reduction due to its strong oxidative power. In the Fenton reaction, 
the hydroxyl radicals produced from hydrogen peroxide (H2O2) and ferrous iron (Fe
2+) are capable of 
destructing organic materials. By incorporating a Fenton oxidation process with MBR, an average 
sludge yield was reduced from 0.150 to 0.006 g MLSS/g COD, equivalent to a 96% decrease in sludge 
production (He and Wei, 2010). 
 
Alkaline treatment can also be used to break down carbohydrates, lipids and proteins into smaller 
molecules. The most commonly used alkaline substances such as NaOH, KOH, Mg(OH)2 and 
Ca(OH)2 are effective in sludge solubilisation and thus enhancing the sludge biodegradability (Kim 
et al., 2003). It is found that the methane yield from sludge increases by 88% after treatment with 45 
meq NaOH/L at 55 °C for 240 min prior to anaerobic digestion (Heo et al., 2003). However, the high 
concentrations of Na+ or K+ may cause subsequent inhibition on anaerobic digestion (Mouneimne et 
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al., 2003) and increase the mineral content of the digested sludge, which compromises the benefits of 
using this method for sludge reduction (Valo et al., 2004). 
 
Thermal pre-treatment 
Thermal pre-treatment can cause partial solubilisation of the sludge, which liberates extracellular and 
intracellular materials for subsequent biodegradation which enhances the sludge reduction and 
anaerobic digestion (Haug et al., 1978, Tanaka et al., 1997, Camacho et al., 2005). A thermal pre-
treatment at 95 °C for 45 min in a pilot-scale plant, resulted in a sludge reduction of around 60% 
(Camacho et al., 2005). Thermal pre-treatment was seen to have no significant influence on the 
methane production from a primary sludge, while a 61% increase in methane production from WAS 
was achieved under the same pre-treatment conditions (Haug et al., 1978).  
 
Biological pre-treatment 
Biological pre-treatment aims to enhance the efficiency of sludge digestion by accelerating hydrolysis 
with the use of an additional unit prior to the main digestion process (Roš and Zupančič, 2002, Ge et 
al., 2011). Temperature-phased anaerobic digestion (TPAD) has been developed to increase the 
efficiency of anaerobic digestion. This uses a thermophilic digester with short retention time (mainly 
for hydrolysis and acidogenesis) followed by a mesophilic digester with long retention time (mainly 
for methanogenesis). TPAD effectively separates the stages of the anaerobic digestion process, 
making it practical to maintain the optimal operation conditions for the different stages and thus 
enhancing methane production as well as solids destruction. It was found that methane production 
was around 35% higher in a TPAD system with a thermophilic pre-treatment temperature of 60 °C in 
comparison to that in a mesophilic anaerobic system (Ge et al., 2011).  
 
The advantages and disadvantages of all the aforementioned sludge pre-treatment technologies are 
summarized in Table 3. Mechanical and chemical pre-treatment can be implemented using a compact 
system with quick reaction and easy management at a low investment cost. However, the maintenance 
of the mechanical parts and addition of chemicals result in a high operating cost. Both of them are 
able to improve the sludge biodegradability and consequently help with the sludge reduction. Thermal 
pre-treatment, in addition to improve sludge biodegradability, can also inactivate pathogens, which 
makes sludge ready for other uses for resource recovery. However, the intense energy input 
compromises its benefits resulting in high investment and operating costs. Biological pre-treatment 
can not only improve sludge biodegradability but also inactivate pathogens at a low operating cost. 
However, the slow reactions and high investment costs disadvantage this technology. 
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Table 3 Summary of sludge pre-treatment technologies (modified from Foladori et al. (2010)) 
Categories Technologies Advantages Disadvantages 
Mechanical 
pre-treatment 
Ultrasonic pre-treatment 
Compact system; Quick reaction; Odor-
free; Easy management; Low investment 
cost 
Periodic replacement of sonotrodes due to corrosion; 
High operating cost 
Lysis-thickening centrifuge 
Quick reaction; Odor-free 
Challenging equipment maintenance; High 
investment and operating costs 
Stirred ball mill 
High pressure 
homogenization 
Chemical pre-
treatment 
Ozonation 
Compact system; Quick reaction; Odor-
free; Easy management 
High investment and operating cost; Chemical storage 
and consumption 
Chlorination 
Compact system; Easy management; 
Low investment and operating cost 
By-products formation; Sludge settleability 
deterioration; Chemical storage and consumption 
Fenton oxidation Compact system; Low investment cost 
High operating cost; Chemical storage and 
consumption 
Alkaline pre-treatment 
Improved sludge dewaterability; Low 
investment cost 
Odor formation; Equipment corrosion; High operating 
cost 
Thermal pre-treatment 
Pathogen inactivation; Improved sludge 
dewaterability 
Odor formation; Challenging equipment maintenance; 
High investment and operating costs 
Biological pre-
treatment 
Temperature-phased anaerobic 
digestion 
Improved sludge dewaterability; 
Pathogen inactivation; Low operating 
cost 
High investment cost; Odor formation; Slow reaction 
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The discovery and application of FNA in WAS pre-treatment 
The aforementioned sludge pre-treatment technologies require either a large amount of energy input 
or chemical dosage. The purchase and storage of hazardous chemicals accounts for a substantial cost 
in pre-treatment application. Therefore, a pre-treatment technology that requires less energy input 
and/or less chemical consumption is in high demand. 
 
In light of the research on FNA’s application in the medical area, FNA was introduced into the 
wastewater treatment system.  Its effectiveness on anaerobic sewer biofilms was evaluated (Jiang et 
al., 2011). It was found that viable microorganisms within the anaerobic wastewater biofilms 
decreased from approximately 80% to 5~15% after being exposed to FNA for 6~24 hours at FNA 
concentrations higher than 0.2 mg HNO2-N/L. Consequently, a cost-effective intermittent FNA 
dosing strategy to mitigate sulfide and methane production in sewers was developed (Jiang et al., 
2011).  
 
FNA is present in many wastewater treatment systems especially those using short-cut nitrogen 
removal through the nitrite pathway. The accumulated nitrite, at different pH levels, would generate 
FNA at different concentrations.  The possibility of generating FNA from the wastewater stream on-
site could potentially reduce the cost on purchase and storage of the chemicals if FNA could be used 
for sludge pre-treatment to effectively enhance its biodegradability. 
 
Enlightened by the application of FNA on killing the anaerobic sewer biofilm, Pijuan et al. (2012) 
evaluated the feasibility of FNA as a biocidal agent to treat secondary sludge and improve its 
biodegradability. The study found that the treatment of secondary sludge with FNA at 1~2 mg N/L 
for 24~48 h deactivated the metabolic activity entirely and killed 50~80% of the cells in the sludge.  
By use of aerobic digestion tests, the degradation of secondary sludge with FNA pre-treatment was 
found to be over two times higher than sludge without FNA pre-treatment. 
FNA-based sludge treatment technologies 
It has been hypothesized and demonstrated that FNA could deactivate and lyse activated sludge, 
thereby improve its biodegradability (Pijuan et al., 2012). Therefore, an FNA-based sludge reduction 
technology was developed (Wang et al., 2013) as shown in Figure 3. It was found that during exposure 
to FNA the sludge production was 28% lower in comparison with that in the non-exposed control 
sludge. Batch tests indicated that the FNA-treated sludge served as a carbon source for denitrification. 
The anaerobic biodegradability of the FNA-treated sludge showed the hydrolysis rate and methane 
production were enhanced by 50% and 27% respectively due to the increase of readily biodegradable 
substrates (Wang et al., 2013). In order to further improve methane production, the combined pre-
17 
 
treatment with FNA and heat achieved a methane production increase of 17~26%. This is compared 
to increases of 12~16% and 0~6% when FNA and heat pre-treatments were performed alone 
respectively. It is seen that FNA application is an economically and environmentally attractive 
technology for pre-treatment of WAS prior to anaerobic digestion (Wang et al., 2014). 
 
Though the FNA-based sludge treatment technologies are established from the engineering point of 
view, the knowledge of the bio-molecular mechanisms of FNA inhibitory and biocidal effects is still 
lacking. Therefore, it merits further investigation for better understanding and optimization of FNA-
based biofilm control and sludge treatment technologies. 
 
Figure 3 Schematic diagram of the control SBR, no FNA exposure, and the experimental SBR that 
includes sludge exposure to FNA. 
Inhibitory and biocidal effects of FNA 
Studies during the last decade have produced compelling evidence that the microbial inhibitory and 
biocidal effects of nitrite under acidic conditions were attributed to FNA (Vadivelu et al., 2006, 
Vadivelu et al., 2006, Jiang et al., 2011). This result is consistent with antimicrobial activities 
observed when nitrite and acid were used simultaneously in the oral and gastrointestinal environments 
(Duncan and Foster, 1968, Dykhuizen et al., 1996, Duncan et al., 1997). FNA is the protonated form 
of nitrite, and the concentration in solution is calculated based on the equation 𝑆𝑁𝑂2−−𝑁/(𝐾𝑎 ×
10𝑝𝐻), with the Ka value determined as a function of temperature T (°C) using 𝐾𝑎 = 𝑒
−2300/(273+𝑇) 
(Anthonisen et al., 1976). It is revealed that FNA has strong inhibitory effects on metabolic processes 
on various microorganisms under both aerobic and anaerobic conditions (Ye et al., 2010). However, 
the inhibitory effects of FNA on catabolic and anabolic processes of Nitrosomonas and Nitrobacter 
were demonstrated to be different with the anabolic process more susceptible to FNA than catabolic 
process (Vadivelu et al., 2006, Vadivelu et al., 2006). Kinetic modelling of FNA inhibition on 
nitrification revealed that nitrite oxidation was more susceptible than ammonium oxidation (Park and 
Bae, 2009). This was corroborated by recent studies that demonstrated the AOB are more robust than 
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NOB to FNA exposure (Kim et al., 2012, Wang et al., 2014), and the FNA inhibition could be well 
described by a non-competitive model (Park and Bae, 2009). 
 
In various studies the inhibitory effects of FNA on the microorganisms involved in biological 
wastewater treatment have been examined. This includes those performing as AOB, NOB, 
denitrifiers, polyphosphate-accumulating organisms (i.e. PAOs, for phosphorus removal) and 
glycogen-accumulating organisms (i.e. GAOs, competitor of PAOs) have been detected (Table 4). 
 
The biocidal effects of FNA are rarely reported, although there are some instances that are mainly 
focused in medical area (Phillips et al., 2004, Yoon et al., 2006). Phillips et al. (2004) reported that 
approximately 100% killing of Mycobacteriu ulcerans was achieved after 10-minutes exposure to 
FNA at the concentration of 4.3 mg N/L. Similarly, Yoon et al. (2006) claimed that mucoid, mutants 
of Pseudomonas aeruginosa, could be eliminated with FNA treatment at the concentration of around 
0.17 mg N/L within 2 days.  
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Table 4 Summary of the FNA inhibition detected on different bacterial types in wastewater treatment systems 
Microbial 
Type 
Culture/System 
FNA 
(mg HNO2-N/L) 
Inhibition(%) /Remarks References 
NOB 
Activated sludge 0.24 100% inhibition Wang et al. (2014) 
Enriched Nitrobacter culture (73%) 
0.011 Threshold for anabolism 
Vadivelu et al. 
(2006) 
0.023 100% inhibition on anabolism 
0.05 No inhibition on catabolism 
AOB 
SHARON 0.21 50% inhibition Hellinga et al. (1998) 
Enriched AOB 0.16 20%~25% inhibition Fux et al. (2006) 
Enriched Nitrosomonas culture (82%) 
0.10 Threshold for anabolism 
Vadivelu et al. 
(2006) 
0.40 100% inhibition on anabolism 
0.50~0.63 50% inhibition on catabolism 
Enriched Pseudomonas fluorescens culture 0.066 
Threshold for cell growth, but not for nitrate and nitrite 
reduction, and carbon source consumption 
Almeida et al. (1995) 
Activated sludge 
0.01~0.025 40% inhibition 
Ma et al. (2010) 
0.2 100% inhibition 
Denitrifying phosphorous removal culture 
with 40% Accumulibacter accounts  
0.01 50% inhibition on P-uptake 
Zhou et al. (2010) 
0.037 100% inhibition on P-uptake 
0.02 60% inhibition on glycogen production 
0.02~0.07 
40% inhibition on Polyhydroxyalkanoates (PHA) 
degradation 
Enriched Accumulibacter culture (90%) 
0.0005 50% inhibition on anabolism 
Pijuan et al. (2012) 0.006 100% inhibition on anabolism 
0.002~0.01 50%~60% inhibition on catabolism 
GAOs Enriched Competibacter culture (90%) 
0.0015 50% inhibition on cell growth 
Ye et al. (2010) 
0.0071 
100% inhibition on cell growth, 40% inhibition on glycogen 
production, 50% inhibition on PHA consumption 
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Mechanisms of FNA-induced inhibitory and biocidal effects of FNA 
While the detailed mechanisms of FNA-induced inhibitory and biocidal effects are yet to be clearly 
identified, a number of hypotheses have been put forward to explain these effects of FNA and these 
are summarized in this section. 
 
There is the possibility that reactive derivatives can be generated from FNA (Shank et al., 1962, Yoon 
et al., 2006) as shown below. 
 
The reactive nitrogen species derived from FNA (e.g. HNO2, N2O3, NO2) are powerful nitrosating 
reagents and rapidly reduce thiols to nitrosothiols, which is thought to be essential in microbial killing 
(De Groote et al., 1995). Nitric oxide (NO), a likely derivative of FNA, could have various detrimental 
biological effects. It could act to inactivate the respiratory enzymes by forming the nitrosyl groups 
with catalytic metal or heam groups, disrupt DNA replication by inhibiting ribonucleotide reductase, 
and be involved in the biocidal action of HNO2 (Granger and Lehninger, 1982, Morita et al., 2004, 
Phillips et al., 2004). N2O3 could induce “nitrosative stress” by modifying the function of proteins 
(Yoon et al., 2006). Additionally, NO2, is observed to contribute to lipid peroxidation, which leads to 
cell membrane damage (Halliwell et al., 1992). 
 
FNA is reported to impact on enzymes by reacting with sulfhydryl groups and amino groups to 
destroy their active site and consequently inactivate enzymes (O'Leary and Solberg, 1976, Schlag et 
al., 2007). It is reported that FNA can readily cross cell membranes and inhibit the enzymes involved 
in carbon fixation (Hiller and Bassham, 1965, Purczeld et al., 1978) and denitrification 
(Vonschulthess et al., 1995, Zhou et al., 2008). Rowe et al. (1979) found that FNA oxidizes ferrous 
iron in electron carriers, such as cytochrome oxidase, to ferric iron, and interfere with the electron 
transport of those carriers. Hinze and Holzer (1986) reported that FNA reacts with glyceraldehyde-3-
phosphate dehydrogenase, an enzyme involved in both glycolysis and gluconeogenesis. 
 
Another theory is that FNA acts as an uncoupler when it crosses cell membranes and brings protons 
into the cell. The cells then need more energy to maintain the proton balance and consequently less 
energy is available for metabolism and growth (Rottenberg, 1990). Studies of enrichments of the PAO 
Accumulibacter show that during exposure to higher FNA concentrations the cellular ATP levels are 
more rapidly consumed (Zhou et al., 2007, Zhou et al., 2010). The rapid depletion of intracellular 
ATP is presumed to be responsible for cell lysis (Schimz, 1980). 
 
HNO2 + HNO2 NO+ NO2 N2O3 + H2O NO + NO2 + H2O 
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Additionally, FNA can induce oxidative deamination of NH2 to ether groups in the DNA bases. This 
would cause changes in the bases from adenine to hypoxanthine, cytosine to uracil, and guanine to 
xanthine. These changed bases would alter the DNA sequence during replication as hypoxanthine 
pairs with cytosine and uracil pairs with adenine (xanthine still pairs with cytosine). The altered DNA 
base pairing (mutagenesis) could disrupt protein function and be lethal to microorganisms. The 
reaction rates of the amino-bases with FNA is proportionally related to FNA concentration. It was 
also demonstrated that the HNO2 molecules could react with the DNA within intact cells without 
interference with other constituents (Schuster, 1960). 
 
Chemical reactions of FNA and/or its derivatives with some constituents in EPS matrix, such as 
carbohydrate polymers and proteins, are also reported (Li et al., 1997, Vilar et al., 1997, Hassan et 
al., 1998, Kumar et al., 2005). A deamination effect is observed in the depolymerization of 
polysaccharide A, a well characterized zwitterionic polysaccharide (ZPS) from Bacteroides fragilis. 
It was confirmed to be chemical modification (Duan et al., 2008).  This might contribute to the 
disintegration of EPS matrix which would facilitate with the release of inclusions from the cells. 
1.4 Research gaps 
Based on the literature review some important knowledge and technology gaps are determined and 
described here.  
(1) To evaluate the feasibility of using the combination of FNA and oxidants (H2O2 and O2) to 
enhance WAS biodegradability. 
a) Recently, the in situ production of H2O2 from wastewater through a bio-electrochemical 
system has been proposed and tested (Rozendal et al., 2009). Previous studies demonstrate 
that a combined FNA and H2O2 pre-treatment further destroys microbial species and 
anaerobic wastewater biofilms compared to FNA pre-treatment alone (Heaselgrave et al., 
2010, Jiang and Yuan, 2013). Therefore, this leads to the hypothesis that incorporating H2O2 
into FNA-based sludge treatment could potentially be more effective than FNA pre-
treatment alone for enhancing methane production from WAS. 
b) It is stated that FNA could react with oxygen to produce highly reactive radicals to cause 
oxidative damage (Davies, 1995). Therefore, the effectiveness of the combination of FNA 
and oxygen for increasing sludge biodegradability and enhancing sludge reduction should 
be evaluated. If successful, this would widen the application of FNA in sludge treatment and 
reduce the investment and operational costs. 
(2) To unravel the mechanisms at bio-molecular levels of how FNA and the combination of FNA 
and H2O2 affect the sludge pre-treatment efficacy.  
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a) It is seen that FNA pre-treatment enhances the release of heavy metals from WAS (Du et al., 
2015) and disrupts sludge flocs (Wang et al., 2013). In addition, FNA pre-treatment enhances 
WAS biodegradability significantly (Wang et al., 2013). The analysis of the sludge SCOD 
and biochemical methane production indicate that the increased biodegradability is not 
solely explained by FNA-induced cell lysis (Wang et al., 2014). It is known that EPS can 
account for up to 33~42% of the volatile solids in sludge (Wang et al., 2013) and their 
components and structure have significant impacts on sludge biodegradability (Wang et al., 
2007, Park et al., 2008). Therefore, it is essential to determine how the interactions between 
FNA and EPS may contribute to the levels of biodegradability and methane production. 
b) With the incorporation of H2O2, peroxynitrite (ONOO-) and highly reactive radicals such as 
NO2and HO can be generated from the reactions between FNA and H2O2 (Lobachev and 
Rudakov, 2006). Peroxynitrite and its radicals are powerful oxidants that are able to destroy 
cell components such as protein, DNA and membrane phospholipids, and also degrade EPS 
(King et al., 1992, Nonoyama et al., 2001, Neyens et al., 2004). However, the connection 
between the chemical reactions and improved sludge biodegradability is yet not clear and 
merits study for future technology optimization. 
(3) In some domestic WWTPs there are two major sludge streams, primary sludge (PS) and WAS, 
which are mixed and digested together. The PS has distinctive characteristics in comparison to 
WAS, with a much lower level of microbial cells, lower levels of protein but higher fatty acids 
content (Wilson and Novak, 2009). It is demonstrated that the macromolecular constituents of 
sludge have an inherent impact on the effectiveness of the sludge pre-treatment (Wilson and 
Novak, 2009). For example, the thermal pre-treatment is more effective in enhancing methane 
production from WAS than from PS (Pinnekamp, 1989, Gavala et al., 2003). In addition, the 
optimal temperature and duration of thermal pre-treatment were also affected by the mixing ratio 
of PS to WAS (Gavala et al., 2003). Therefore, due to the differences in the characteristics 
between PS and WAS, it is important to determine the effects of FNA pre-treatment on PS 
biodegradability. This will reveal whether the PS and WAS should be treated simultaneously 
with FNA prior to anaerobic digestion, the outcome of which would affect the design of a FNA-
based sludge pre-treatment unit in WWTPs. 
(4) Due to the ever increasing production of sludge with increased population, sludge reduction is 
difficult to achieve EPA standards in WWTPs. Therefore, post anaerobic digestion of 
anaerobically digested sludge (ADS) has been applied in some WWTPs to enhance sludge 
reduction by prolonging the sludge retention time (SRT). In a local WWTP in Queensland, 
Australia, around 5.5% of sludge degradation (based on volatile solid levels) was observed in a 
post anaerobic digester with a SRT of 4 days (personal communication with industry partners). 
It was evident that the sludge reduction was limited by the sludge properties. Therefore, if FNA 
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is effective for enhancing ADS biodegradability this would bring economic and environmental 
benefits. 
1.5 Organization of the thesis 
This thesis is organized into eight chapters. Chapter 1 gives an introduction of the background and 
the organization of the thesis and presents a detailed and critical literature review of the topic, based 
on which the overall research aims of this thesis are identified. Chapter 2 highlights the specific 
knowledge gaps and identifies the key research objectives. Chapter 3 describes the methods and 
materials used in this research work. Chapters 4 to 8 present the research outcomes of the research 
objectives. Specifically, chapter 4 presents the pre-treatment of WAS with combined FNA and 
oxidants to enhance methane production; chapter 5 examines the mechanisms responsible for the 
improved methane production from WAS with FNA and combined pre-treatment; chapter 6 presents 
the effects of FNA pre-treatment on primary sludge biodegradability and its implications; chapter 7 
evaluates the effects of using FNA treatment to enhance post anaerobic digestion of full-scale 
anaerobically digested sludge. Chapter 8 concludes the main achievements of the studies and gives 
recommendations for future research. 
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Chapter 2 Research objectives 
This chapter presents the research objectives of the thesis. 
 
The overall aims of this PhD are: to investigate the effects of FNA pre-treatment on the 
biodegradability and reduction of sludge from different sources and then to determine the mechanisms 
responsible for the improved performance of methane production and provide fundamental 
knowledge for future technology optimization. 
 
The following specific objectives are being addressed:  
(1) To evaluate the feasibility of using the combination of FNA and oxidants (H2O2 and O2) to 
enhance WAS biodegradability. 
(2) To determine the effects of FNA on EPS from WAS by examining the interactions between 
FNA and EPS and to reveal the mechanisms responsible for the improved sludge 
biodegradability with the combined FNA and H2O2 pre-treatment. 
(3) To investigate the effects of FNA on the biodegradability of primary sludge and to optimize 
the application of FNA in wastewater treatment systems. 
(4) To demonstrate the feasibility of enhancing the sludge reduction and methane production of 
anaerobically digested sludge in post anaerobic digestion with FNA treatment. 
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Chapter 3 Materials and methods 
This chapter presents the general research approaches used in addressing the research objectives in 
this thesis. Specific approaches used only by a specific research objective are shown in the Material 
and Methods section of the specific chapter. 
3.1 Batch tests to determine anaerobic methane production 
3.1.1 Sludge sources 
WAS, primary sludge, anaerobic digested sludge and the inoculum used for BMP tests were collected 
respectively from the dissolved air flotation thickener, primary clarifier and a mesophilic anaerobic 
digester of a local biological nutrient removal WWTP that had a sludge retention time (SRT) in 
aeration reactor of 15 days and SRT in anaerobic digester of 20 days. These are typical SRTs of 
conventional complete activated sludge process. The sludge properties varied from time to time and 
differed among different types of sludge. Therefore, the specific sludge characteristics for each 
experiment are described in the “Material and Methods” section in each chapter. 
3.1.2 Sludge pre-treatment 
3.1.2.1 FNA and combined FNA and oxidants pre-treatment on WAS 
FNA and the combined FNA and H2O2 pre-treatment on WAS 
Freshly collected WAS was evenly distributed into ten batch reactors each containing 200 mL WAS. 
Each batch test lasted for 24 h. pH was controlled in FNA pre-treatment at 5.5  0.2 via a 
programmable logic controller (PLC) using 1.0 M HCl solution. A nitrite stock solution (40 g N/L) 
was added to a batch reactor to achieve the designated nitrite concentration of 200 mg N/L to give 
rise to the FNA concentration of 1.54 mg N/L. The FNA concentration was calculated using the 
formula 𝑆𝑁𝑂2−−𝑁/(𝐾𝑎 × 10
𝑝𝐻) with the Ka value determined as a function of temperature T (°C) with 
the formula 𝐾𝑎 = 𝑒
−2300/(273+𝑇)(Anthonisen et al., 1976).  For the H2O2 pre-treatment, the pH was 
monitored (between 6.4 and 6.9) but not controlled. The H2O2 stock solution (30% w/v) was added 
to four batch reactors to achieve the designated H2O2 concentrations varying between 10 and 80 mg/g 
TS. The combined FNA and H2O2 pre-treatment was carried out under the conditions according to 
Table 5. A control reactor without chemical addition or pH control was also set up. All the reactors 
were well mixed with magnetic stirrers. The control reactor was also stirred at the same intensity as 
the other reactors to account for the influence of stirring on cell lysis.  
Table 5 Batch reactor conditions for pre-treatment of WAS with FNA and H2O2 
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Reactor No. Pre-treatment FNA (mg N/L) 
H2O2 concentration 
(mg/g TS) 
NO2
--N 
(mg N/L) 
pH 
1 Control 0 0 0 6.4~6.9 
 FNA pre-treatment 
2 FNA 1.54 0 200 5.5±0.2 
 H2O2 pre-treatment 
3 HP1 0 10 0 6.4~6.9 
4 HP2 0 30 0 6.4~6.9 
5 HP3 0 50 0 6.4~6.9 
6 HP4 0 80 0 6.4~6.9 
 Combined FNA and H2O2 pre-treatment 
7 FNA+HP1 1.54 10 200 5.5±0.2 
8 FNA+HP2 1.54 30 200 5.5±0.2 
9 FNA+HP3 1.54 50 200 5.5±0.2 
10 FNA+HP4 1.54 80 200 5.5±0.2 
 
FNA and the combined FNA and O2 pre-treatment on WAS 
Batch tests similar to those with FNA and H2O2 were carried out on WAS with FNA and O2 for 24 h. 
Six batch reactors each containing 300 mL of WAS were used. One reactor was operated as a control 
without pH control or chemical addition. The same nitrite stock solution was added to certain batch 
reactors to achieve the designated nitrite concentration of 200 mg N/L, equivalent to an FNA 
concentration of 1.54 mg N/L (Table 6). Two other reactors had the O2 pre-treatment alone with 
concentrations of 2~3 mg/L and higher than 5 mg/L. The remaining two reactors had the combined 
pre-treatment of FNA and O2 (Table 6). The pH was controlled in the FNA and combined pre-
treatment reactors at 5.5  0.2 with the PLC using additions of a 1.0 M HCl solution, while in the 
other pre-treatment reactors the pH was recorded but not controlled.  
Table 6 Batch reactor conditions for pre-treatment of WAS with FNA and O2 
Reactor No. Pre-treatment FNA (mg N/L) 
O2 concentration 
(mg/L) 
NO2
--N 
(mg N/L) 
pH 
1 Control 0 0 0 5.8~6.3 
 FNA pre-treatment 
2 FNA 1.54 0 200 5.5±0.2 
 O2 pre-treatment 
3 O2 1 0 2~3 0 5.6~6.3 
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4 O2 2 0 >5 0 5.6~6.3 
 Combined FNA and O2 pre-treatment 
5 FNA+ O2 1 1.54 2~3 200 5.5±0.2 
6 FNA+ O2 2 1.54 >5 200 5.5±0.2 
3.1.2.2 FNA pre-treatment on PS 
Six batch reactors were set up as described above (section 4.1.2.1) containing 300 mL of PS and 
different levels of FNA (Table 7). The pH in the reactors for FNA treatment was adjusted to 5.5 and 
controlled at 5.5  0.2, whereas in the control reactor the pH was not controlled, but measured during 
the pre-treatment. After pH adjustment, a nitrite stock solution was added to the experimental reactors 
to achieve the designed FNA concentrations (0.77, 1.54, 2.31, 3.08, and 3.85 mg HNO2-N/L), while 
no nitrite was added to the control reactor. The batch tests lasted also for 24 h. 
Table 7 Batch reactor conditions for pre-treatment of PS with FNA 
Reactor No. Pre-treatment FNA (mg N/L) NO2
--N (mg N/L) pH 
1 Control 0 0 5.6~5.8 
2 FNA 1 0.77 100 5.5±0.2 
3 FNA 2 1.54 200 5.5±0.2 
4 FNA 3 2.31 300 5.5±0.2 
5 FNA 4 3.08 400 5.5±0.2 
6 FNA 5 3.85 500 5.5±0.2 
3.1.2.3 FNA pre-treatment on ADS 
Six batch reactors were set up as described above (section 4.1.2.1) each containing 300mL of full-
scale ADS and different levels of FNA (Table 8). The experimental reactors received an addition of 
nitrite stock solution to achieve the various FNA concentrations (0.77, 1.54, 2.31, 3.08, 3.85 mg N/L), 
with no nitrite added to the control reactor (Table 8). The pH was controlled at 5.5  0.2 throughout 
the 24 h treatment in the experimental reactors while in the control reactor it was not controlled and 
varied in the range of 7.2~7.6.  
Table 8 Batch reactor conditions for pre-treatment of ADS with FNA 
Reactor No. Treatment FNA (mg N/L) NO2
--N (mg N/L) pH 
1 Control 0 0 7.2~7.6 
2 FNA 1 0.77 100 5.5±0.2 
3 FNA 2 1.54 200 5.5±0.2 
4 FNA 3 2.31 300 5.5±0.2 
28 
 
5 FNA 4 3.08 400 5.5±0.2 
6 FNA 5 3.85 500 5.5±0.2 
3.1.3 Biochemical methane potential (BMP) tests 
BMP tests were employed to assess and compare methane production from different sludge sources 
with- and without pre-treatment (all tests were in triplicate), as described in Jensen et al. (2011). To 
160 mL serum bottles (100 mL working volume) the inoculum sludges and the substrate were added 
at a ratio of 1.5~2 (VS basis). The substrate and the inoculum were well mixed and the bottles were 
immediately sealed with butyl rubber stoppers and aluminium crimp-caps after flushing thoroughly 
with nitrogen gas. These were then incubated at 37  1°C. Blank BMP test bottles were set up with 
the inoculum sludges and Milli-Q water included at the same ratio as the inoculum to substrate. The 
BMP tests lasted until the biogas production dropped to insignificant levels.  
 
The biogas (CH4 and CO2) volume from the BMP tests was determined using a manometer and the 
composition was analyzed using a Shimadzu GC-2014 gas chromatograph equipped with a Valco GC 
valve and a thermal conductivity detector. Cumulative volumetric gas production was calculated from 
the pressure increase in the headspace volume (60 mL) under standard conditions (25 °C, 1 atm). The 
methane production from the sludge was calculated by deducting measured biogas production from 
the blank and was presented as the volume of methane produced per kilogram of VS added (L CH4/kg 
VS added). 
3.2 Modeling analysis of BMP test results 
The hydrolysis rate (k) and the biochemical methane potential (B0) were the two key parameters used 
to evaluate and compare the methane production kinetics and potential from the different sources of 
sludge with and without the various pre-treatments. They were estimated by fitting the collected 
methane production data from the BMP tests to a first-order kinetic model using a modified version 
of Aquasim 2.1d with sum of squared errors (Jopt) used as an objective function (Batstone et al., 2009). 
The model was adapted respectively in each study due to the variance of different sludge sources. 
3.3 Analytical methods 
3.3.1 Chemical analyses 
Total solids (TS), volatile solids (VS), total chemical oxygen demand (TCOD), soluble chemical 
oxygen demand (SCOD) and alkalinity were determined according to the standard methods (Eaton 
and Franson, 2005). The NH4
+-N, NO2
--N and soluble Kjeldahl nitrogen (SKN) concentrations were 
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analyzed using a Lachat QuikChem8000 Flow Injection Analyzer (Lachat Instrument, Milwaukee, 
Wisconsin).  
3.3.2 Chemical structure analysis with Fourier transform infrared (FTIR) 
The EPS extract (EPS was extracted based on the method mentioned in section 5.2.2) and sludge 
supernatant were freeze dried into powder for chemical structure analysis. The chemical structure of 
the components was analysed by Fourier transform infrared spectroscopy (FTIR) using a Nicolet 
5700 FTIR spectrometer with the resolution at 4 and Gain at 8 with 64 scans in the spectral range of 
400-4000cm-1. The diamond smart accessory with DTGS Tec detector was used for analysing the 
sample at room temperature. The chamber was purged continuously with nitrogen gas during the 
operation. 
3.3.3 Molecular weight distribution analysis by gel permeation chromatography (GPC) 
The molecular weight (MW) distribution of EPS extract and sludge supernatant was analysed using 
an Agilent Aqueous Gel permeation chromatography 1260 Infinity System connected with refractive 
index (RI) and ultraviolet (UV) detectors for data acquisition and equipped with Agilent GPC/SEC 
software for operation and data analysis. Two Agilent Aqua gel PL Aquagel-OH mixed-M, 8 µm 
columns were kept at 40°C with Milli-Q water as eluent at a flow rate of 1 mL/min during the analysis. 
UV and RI detectors were used in series to provide complementary information with regards to MW 
distribution of the mixture consisting of UV non-absorbing (polysaccharides) and absorbing (protein, 
amino sugars and nucleic acids) constituents. The Pullulan Polysaccharide calibration kit (MW: 180, 
667, 6,100, 9,600, 21,100, 47,100, 107,000, 194,000, 344,000, 708,000 g/mol) was used to establish 
the MW calibration curve. 
3.4 Desktop scale-up economic analysis 
The previous study has approved that the performance of the technology on methane production at 
full-scale can be conservatively estimated by the results from laboratory BMP tests (Batstone et al., 
2009). Therefore, the improvements of methane production from the sludge under different pre-
treatment conditions acquired from BMP tests were used in the desktop scale-up economic analysis. 
A full-scale WWTP with a population equivalent (PE) of 400,000 and an anaerobic sludge digester 
with a hydraulic retention time (HRT) of 20 days was set as the background. Based on the general 
parameters listed in Table 10 and Table 15, the methane potential baseline was calculated and listed 
as the control system. Then, in the systems with different pre-treatment, the unit construction, 
chemical dosing, operation and maintenance were considered as cost while the value created through 
energy recovery (e.g. extra heat and power produced from the increased methane production) was 
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considered as profits. The cost and profits balance was then presented as a guidance for the potential 
application of the proposed sludge pre-treatment technology. 
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Chapter 4 Pre-treatment of WAS with combined free nitrous acid and oxidants 
for enhanced sludge methane production 
4.1 Introduction 
As stated in section 1.3.3.1, anaerobic digestion (AD) is widely used for treatment of WAS due to its 
ability to generate methane while reducing the sludge volume (Appels et al., 2008, Sanscartier et al., 
2012). Many pre-treatment strategies have been developed to improve methane production through 
cells lysis and/or the disruption of the EPS matrix. This releases the intracellular and extracellular 
constituents which can be biodegraded readily via digestion, thereby promoting methane production 
(Lissens et al., 2004, Carrere et al., 2010, Foladori et al., 2010, Zhang et al., 2010, McCarty et al., 
2011, Zhang et al., 2011). However, it is noted that most of the approaches are cost intensive due to 
high energy and/or chemical requirements (Foladori et al., 2010). 
 
FNA, a renewable and low cost chemical that can be produced on site by nitritation of the anaerobic 
digestion liquor (Law et al., 2015), has been demonstrated to be a strong biocidal agent and effective 
in enhancing WAS biodegradability and methane production as discussed in section 1.3.3.4 (Pijuan 
et al., 2012, Wang et al., 2013, Wang and Yuan, 2015).  
 
Recently, the in situ production of H2O2 from wastewater through a bio-electrochemical system has 
been proposed and tested (Rozendal et al., 2009). Previous studies demonstrate that combined FNA 
and H2O2 pre-treatment more effectively disrupts microbial cells and anaerobic wastewater biofilms 
compared with FNA pre-treatment alone (Heaselgrave et al., 2010, Jiang and Yuan, 2013). This 
improved disruption is attributed to the generation of peroxynitrite (ONOO-) and highly reactive 
radicals such as NO2 and HO from the reaction between FNA and H2O2 (Lobachev and Rudakov, 
2006). These are powerful oxidants that are able to destroy cell components such as protein, DNA 
and membrane phospholipids, and also degrade EPS (King et al., 1992, Nonoyama et al., 2001, 
Neyens et al., 2004). As shown previously, FNA could also react with oxygen to produce highly 
reactive radicals similar to that produced by FNA and H2O2 (Davies, 1995). Therefore, these 
outcomes led to the hypothesis that incorporating oxidants into FNA-based sludge treatment strategy 
could potentially be more effective than FNA pre-treatment alone for enhancing methane production 
from WAS. 
 
This study aims to evaluate the effect of combined FNA and oxidants pre-treatment on methane 
production from WAS. Full-scale WAS was subjected to: i) no-chemical pre-treatment, ii) FNA pre-
32 
 
treatment alone, iii) oxidants pre-treatment alone, and iv) combined pre-treatment. The methane 
production was then assessed and compared.  
4.2 Material and methods 
4.2.1 Sludge sources and their characteristics  
The collection of WAS and the inoculum is described in section 3.1.1. WAS characteristics for batch 
tests with FNA and H2O2 pre-treatment were as follows: TS 36.1  0.1 g/L, VS 29.9  0.1 g/L, TCOD 
42.3  0.2 g/L, SCOD 0.39  0.02 g/L, pH=6.4  0.0. The inoculum characteristics were as follows: 
TS 21.2  0.2 g/L, VS 15.3  0.1 g/L, TCOD 24.3  0.1 g/L, SCOD 0.59  0.03 g/L, pH=7.5  0.0. 
 
WAS characteristics for batch tests with FNA and O2 pre-treatment were as follows: TS 42.3  0.1 
g/L, VS 37.1  0.1 g/L, TCOD 48.2  0.2 g/L, SCOD 0.85  0.03 g/L, pH=6.5  0.0. The inoculum 
characteristics were as follows: TS 28.2  0.2 g/L, VS 19.4  0.1 g/L, TCOD 29.4  0.1 g/L, SCOD 
0.36  0.03 g/L, pH=7.1  0.0. 
4.2.2 WAS pre-treatment with FNA, oxidants, and their combinations 
Batch tests were carried out as described in Table 5 and Table 6 in section 3.1.2.1. pH 5.5 was chosen 
since a previous study shows that the sludge pre-treatment at pH 5.5 did not have significant effect 
on the sludge flocs/particulate solubilisation and the chemical structures of the macromolecules in 
the soluble phase (Zhang et al., 2015).  
4.2.3 Anaerobic biochemical methane potential (BMP) tests 
In this study, 160 mL serum bottles containing 80 mL inoculum and 20 mL of pretreated WAS were 
used. The pH in all BMP bottles was in the range of 7.0~7.4, which is the optimum range for 
methanogens. FNA from the pretreated WAS was diluted to around 0.01 mg N/L in the BMP bottles 
after mixing with the inoculum. This low amount of FNA would be removed by denitrification within 
a few hours. As seen in a previous study, the low level of FNA in the BMP bottles did not inhibit the 
methanogenic activities (Wang et al., 2013). Methane volume and concentration were determined 
using the method described in section 3.1.3. As it is mentioned previously the nitrite introduced into 
the BMP bottles would be removed quickly without impacting the performance of the methanogens, 
therefore the control used in this study (no FNA) was considered valid for methane production 
correction for all tests (Wang et al., 2013) 
4.2.4 Biochemical methane potential (BMP) modelling 
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A two-substrate model was used to investigate the effects of pre-treatment on sludge biodegradability. 
This was done by separating the methane potential based on the contribution from rapidly- and slowly 
biodegradable fractions in WAS (Rao et al., 2000), as shown in equation (1): 
𝐵𝑡 = 𝐵0,𝑟𝑎𝑝𝑖𝑑(1 − 𝑒
−𝑘𝑟𝑎𝑝𝑖𝑑𝑡) + 𝐵0,𝑠𝑙𝑜𝑤(1 − 𝑒
−𝑘𝑠𝑙𝑜𝑤𝑡)                                                     (1) 
Where B0,rapid is the biochemical methane potential of the rapidly biodegradable substrates (L CH4/kg 
VS added); krapid is the hydrolysis rate of the rapidly biodegradable substrates (d
-1); B0,slow is the 
biochemical methane potential of the slowly biodegradable substrates (L CH4/kg VS added); and kslow 
is the hydrolysis rate of the slowly biodegradable substrates (d-1). The total BMP, B0 was estimated 
from the sum of the rapid- and slow fractions. 
 
The model was implemented in a modified version of Aquasim 2.1d with the sum of squared errors 
(Jopt=RSS) as an objective function (Jensen et al., 2011). All parameters were simultaneously 
estimated using the gradient search method in Aquasim 2.1 d. The uncertainty surfaces of k and B0, 
based on a model-validity F-test with 95% confidence limits, were estimated (Batstone et al., 2009). 
Confidence intervals (95%) in parameter values were also determined based on a two-tailed t-test 
using the estimated standard error in parameter value. The degradation extent (Y) of WAS was 
determined using equation (2): 
Y = 𝐵0/380 × 𝑅𝑊𝐴𝑆 + 1.71 × 𝑆𝑁𝑂2−/𝑇𝐶𝑂𝐷𝑊𝐴𝑆                                                                  (2) 
Where B0 is the biochemical methane potential (L CH4/kg VS added); 380 is the theoretical 
biochemical methane potential under standard conditions (25 °C, 1 atm) (L CH4/kg TCOD) (Metcalf; 
and Eddy, 2003); RWAS is the measured ratio of VS to TCOD in WAS (0.71 in the study with FNA 
and H2O2); 1.71 is the oxygen equivalent of nitrite (kg O2/kg NO2
--N) (Tchobanoglous et al., 2014, 
Wang et al., 2014); 𝑆𝑁𝑂2−is the measured nitrite concentration in WAS after pre-treatment (g N/L) 
(0.04 g N/L in the study with FNA and H2O2); TCODWAS is the COD of WAS after pre-treatment 
(8.5 g COD/L in the study with FNA and H2O2). 
4.2.5 Analysis 
TS, VS, TCOD and SCOD were determined according to the standard methods (Eaton and Franson, 
2005). The NH4
+-N, NO2
--N and soluble SKN concentrations were analyzed using a Lachat 
QuikChem8000 Flow Injection Analyzer (Lachat Instrument, Milwaukee, Wisconsin). 
4.3 Results  
4.3.1 Effect of FNA and H2O2 pre-treatment on biochemical methane production 
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The cumulative and modeled methane production from all samples over the 44-day BMP tests is 
shown in Figure 4. All pre-treatment methods resulted in an increase in methane production 
throughout the tests. H2O2 pre-treatment alone resulted in a moderate increase in methane production, 
with relatively higher increases at H2O2 dosages of 30 to 50 mg/g TS than at lower (10 mg/g TS) and 
higher (80 mg/g TS) dosages. FNA pre-treatment alone resulted in higher methane production than 
both control and H2O2 pre-treatments alone, which indicates that FNA pre-treatment alone is 
significantly more effective in enhancing methane production than H2O2 pre-treatment alone. The 
combined pre-treatment with FNA and H2O2, however, achieved the highest methane production of 
all pre-treatments used in this study. 
 
Figure 4 Measured and simulated methane production in the BMP tests from WAS after pre-
treatment with FNA, H2O2 (HP) and their combinations (symbols represent experimental 
measurements; solid lines represent model fit using a two-substrate model. Error bars show standard 
errors). 
The effectiveness of pre-treatments in enhancing methane production was reflected in the results of 
B0 (Table 9). H2O2 pre-treatment alone enhanced methane potential by around 22% at 30 and 50 mg 
H2O2/g TS. Other levels produced slightly less enhancement at 13% and 17%, respectively, for 
dosages of 10 and 80 mg H2O2/g TS. FNA pre-treatment alone significantly increased methane 
potential by 56%, which is consistent with but higher than the increase of 30% obtained in Wang et 
al. (2013). It should be noted that the difference in WAS properties was likely responsible for the 
higher methane potential in this study. The combined FNA and H2O2 pre-treatment increased the 
methane potential by 59~83%, achieving the highest level with FNA and H2O2 at 50 mg/g TS; higher 
or lower H2O2 dosages resulted in less enhancement of methane potential (B0). 
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4.3.2 Biochemical methane potential (BMP) modeling results 
Values of methane potentials (B0,rapid, B0,slow), hydrolysis rates (krapid, kslow) and degradation extents 
(Yrapid, Yslow) were estimated (Table 9). 95% confidence regions for the different parameter 
combinations were investigated to evaluate their identifiability as shown in Figures 5-10. The linear 
confidence intervals (error bars) exceeded the non-linear regions because the former were determined 
through a four-parameter estimation while the latter were estimated using two-parameter estimation. 
This is performed by fixing two parameters as estimated from the four-parameter estimation. The 
lower degree of freedom and increased localized error function in the four-parameter estimation may 
have caused the over-estimation of the linear confidence intervals. However, the overall 95% 
confidence regions for all the six pairs of comparisons in Figures 5-10 are small, with mean values 
lying at the center and the 95% confidence intervals for all the individual parameters are generally 
within 10% of the estimated value. These indicate that the parameters are well identified and the 
estimated values are reliable.  
 
Figure 5 Confidence regions (95%) of estimated parameters, kslow vs. krapid from the WAS BMP 
with and without the pre-treatments. 
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Figure 6 Confidence regions (95%) of estimated parameters, kslow vs. B0,slow from the WAS BMP 
with and without the pre-treatments. 
 
Figure 7 Confidence regions (95%) of estimated parameters, kslow vs. B0,rapid from the WAS BMP 
with and without the pre-treatments. 
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Figure 8 Confidence regions (95%) of estimated parameters, krapid vs. B0,slow from the WAS BMP 
with and without the pre-treatments. 
 
Figure 9 Confidence regions (95%) of estimated parameters, krapid vs. B0,rapid from the WAS BMP 
with and without the pre-treatments. 
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Figure 10 Confidence regions (95%) of estimated parameters, B0,slow vs. B0,rapid from the WAS BMP 
with and without the pre-treatments. 
kslow showed only slight variation with- or without chemical pre-treatment (0.04~0.06 d
-1); whereas 
krapid varied substantially and systematically (Figure 5). Specifically, krapid averaged 1.0 d
-1 (±0.1) in 
the control and with H2O2 pre-treatment alone, and this average was 0.5 d
-1 (±0.1) where FNA was 
used. One possibility is that the additional substances released during the FNA pre-treatment are more 
slowly degradable than those released in the control and with the H2O2 pre-treatment alone. Another 
possibility is that the additional release of rapidly degradable substances exceeded the inoculum 
capacity to convert them into methane at the maximum rate. This would result in the reduced apparent 
rate determined here, and this has been seen previously (Batstone et al., 2009). Regardless of either 
of these issues, the B0 values remain representative of the rapidly- and slowly degradable fractions. 
 
B0,total was enhanced substantially with all pre-treatments. In terms of B0,rapid, the H2O2 pre-treatment 
alone led to an increase of 41% at a H2O2 dosage of 30 mg/g TS compared with the case of the control 
(from 70 L CH4/kg VS to 99 L CH4/kg VS). The other three dosages resulted in improved B0,rapid by 
10~21% (increases to between 77~85 L CH4/kg VS). The B0,rapid value in the case of the FNA pre-
treatment alone was 136 L CH4/kg VS, which is substantially higher than that in the control (70 L 
CH4/kg VS). The B0,rapid from the combined pre-treatment was further enhanced to 141~185 L CH4/kg 
VS, which corresponded to an improvements of 100~163% compared with that from the control. The 
highest improvement (163%) in B0,rapid was achieved at the H2O2 dosage of 50 mg/g TS and an FNA 
concentration of 1.54 mg N/L. B0,slow with all pre-treatments was enhanced in comparison to that of 
the control. The FNA pre-treatment and all the combined pre-treatments, regardless of the H2O2 level, 
resulted in very similar increases in B0,slow (from 24% to 33%), and the H2O2 pre-treatments alone 
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also resulted in similar increases  (from 6% to 13%). Yrapid and Yslow showed similar trends to B0,rapid 
and B0,slow. These results collectively indicate that the improved performance is accredited to the 
increase of both rapidly- and slowly biodegradable fractions but mainly from the rapidly 
biodegradable fraction, implying that the treatments caused conversion of the non-biodegradable 
fraction into both rapidly and slowly biodegradable fractions (Figure 11). 
 
Figure 11 Modelled methane potential from the different fractions of substrate determined from the 
WAS BMP with and without the pre-treatments of FNA, H2O2 (HP) and their combinations. 
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Table 9 Estimated krapid, B0,rapid, Yrapid and kslow, B0,slow, Yslow, B0,total at different pre-treatment conditions using two-substrate model (with 95% 
confidence intervals) determined from WAS BMP with and without the pre-treatments of FNA, H2O2 (HP) and their combinations. 
Pre-treatment krapid (d
-1) 
B0,rapid (L 
CH4/kgVS 
added) 
Yrapid kslow (d
-1) 
B0,slow (L 
CH4/kgVS 
added) 
Yslow 
B0,total (L CH4/kgVS 
added) 
Control 0.97±0.09 70±3 0.13±0.01 0.06±0.01 94±2 0.17±0.01 164±3 
FNA 0.63±0.03 136±4 0.25±0.01 0.05±0.01 124±3 0.23±0.01 260±5 
HP1 1.10±0.11 77±3 0.14±0.01 0.06±0.01 108±2 0.20±0.01 185±4 
HP2 1.13±0.10 99±3 0.18±0.01 0.06±0.01 102±2 0.19±0.01 201±4 
HP3 1.05±0.08 95±3 0.18±0.01 0.06±0.01 104±2 0.20±0.01 199±3 
HP4 0.90±0.09 85±4 0.16±0.01 0.06±0.01 108±3 0.20±0.01 193±5 
FNA+HP1 0.63±0.03 141±4 0.26±0.01 0.05±0.01 124±2 0.23±0.01 265±4 
FNA+HP2 0.53±0.03 162±5 0.30±0.01 0.04±0.01 117±4 0.22±0.01 279±6 
FNA+HP3 0.46±0.02 185±5 0.35±0.01 0.04±0.01 125±4 0.24±0.01 310±6 
FNA+HP4 0.48±0.02 174±6 0.33±0.01 0.04±0.01 122±4 0.23±0.01 296±7 
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4.3.3 Effect of FNA and O2 pre-treatment on biochemical methane production 
The cumulative methane production from all samples with and without FNA, O2 and their combined 
pre-treatments over the 32-day BMP tests is shown in Figure 12. Among all the pre-treatments, 
oxygen pre-treatment alone resulted in a decline of methane production from WAS in comparison 
with the control. This could be due to the utilization of the readily biodegradable substances by the 
microorganisms in the presence of oxygen. The pre-treatment with the higher oxygen level gave rise 
to a lower methane production in comparison to the pre-treatment at the lower oxygen level. However, 
FNA pre-treatment and the two combined pre-treatments resulted in increased methane production 
compared to the control by 27%, 17% and 7% respectively. The general increase of the methane 
production with FNA and the combined pre-treatment was presumably ascribed to the increased 
release of biodegradable substances in comparison to the release without pre-treatment or with O2 
pre-treatment alone. This is supported by the different levels of SCOD detected with the different 
pre-treatments (Figure 13). However, in the combined pre-treatment, the microorganisms could still 
consume those substances in the presence of oxygen. Consequently, the methane production with 
FNA pre-treatment was significantly higher than that with the combined pre-treatment.   
 
Figure 12 Measured methane production in the WAS BMP tests with and without the pre-treatments 
of FNA, oxygen and their combinations. (Symbols represent experimental measurements. Error bars 
show standard errors). 
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Figure 13 SCOD at different pre-treatment conditions (Error bars show standard errors). 
4.4 Discussion 
Combination of FNA and oxidants as a potential pre-treatment technology for enhancing methane 
production 
Although the combined FNA and O2 pre-treatment enhanced the methane production from between 
7%~17%, these increases were less than the FNA treatment alone in enhancing methane production 
for energy recovery. Therefore, from an economic perspective, it is not considered as a potential 
sludge pre-treatment technology prior to anaerobic digestion for enhancing methane production. 
 
However, the combined FNA and H2O2 pre-treatment resulted in substantially greater methane 
production than the individual pre-treatments of FNA and H2O2. In addition, it has been demonstrated 
that both FNA and H2O2 can be produced as by-products of wastewater treatment through partial 
nitritation of anaerobic digestion liquor, with low chemical and energy input (Wang et al., 2014, Law 
et al., 2015), and through a bio-electrochemical system (Rozendal et al., 2009), respectively. In order 
to assess the potential economic feasibility of the proposed combined pre-treatment at full-scale, a 
desktop scaled-up study on a full-scale WWTP with a population equivalent (PE) of 400,000 and an 
anaerobic sludge digester with a hydraulic retention time (HRT) of 20 days was performed (Table 
10). As shown in Figure 4, the WAS pre-treatment with the combination of 1.54 mg HNO2-N/L and 
50 mg H2O2/g TS achieved the highest methane production at a digestion time of 20 d. Three 
economic analyses were performed here based on the increases of methane production for the 
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different pre-treatments of: 50 mg H2O2/g TS (25%), 1.54 mg HNO2-N/L (60%), and the combined 
FNA/H2O2 pre-treatment (90%). It has been shown previously that the performance of the technology 
on methane production at full-scale can be conservatively estimated by the results from laboratory 
BMP tests (Batstone et al., 2009). 
Table 10 Economic and environmental analyses of the H2O2, FNA and combined FNA and H2O2 
pre-treatment for enhancing methane production 
General parameter Values 
Size of the WWTP (Population equivalent - PE) 400,000 
Decay coefficient of the heterotrophic biomass (d-1) 0.2a 
Decay coefficient of the nitrifying biomass (d-1)  0.1a 
Yield coefficient of the heterotrophic biomass (g COD/g COD)  0.625a 
Yield coefficient of the nitrifying biomass (g COD/g N) 0.24a 
Fraction of inert COD generated in biomass decay (g COD/g COD) 0.2a 
Mixed liquor suspended solid concentration in the bioreactor (mg/L) 4,000 
Mixed liquor volatile suspended solid concentration in the bioreactor (mg/L) 3,200 
Sludge retention time (SRT) in the bioreactor of the WWTP (d) 15 
Solids content in thickened WAS 5% 
Solids content in dewatered WAS 15% 
Temperature of WAS (°C) 22 
Operating temperature of the anaerobic digester (°C) 37 
Hydraulic retention time (HRT) in the anaerobic digester (d) 20 
Price of HCl (32%) ($/tonne) 150b 
Price of NaHCO3  ($/tonne) 145
 b 
Price of H2O2 (50%) ($/tonne) 450
 b 
Mixing energy of the reactor (kwh/(m3d)) 0.12 
Power requirement for oxygen supply (kwh/kgO2) 0.66
 a 
Methane calorific value  (kwh/kgCH4) 16 
Power price ($/kwh) 0.15 
Conversion efficiency of methane to heat   50%c 
Conversion efficiency of methane to power   40%c 
Cost of WAS transport and disposal ($/wet tonne) 50 
Period over which capital costs are annualised (i.e. Lifetime) (year) 20 
Interest applied for initial capital expenditure 8.5% 
Control system 
Methane production (kg CH4/y) 216,000 
WAS fed to the anaerobic digester (kg VS/y) 2,420,300 
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WAS removal in the anaerobic digester (on a dry VS basis) 25% 
System with H2O2 
pre-treatment 
Methane production  (kgCH4/y) 270,000 
WAS fed to the anaerobic digester (kg VS/y) 2,420,300 
WAS removal in the anaerobic digester (on a dry VS basis) 32% 
WAS treatment time by H2O2 (d) 1 
H2O2 concentration in the pre-treatment reactor (g/kg TS) 50 
Capital cost of the H2O2 pre-treatment reactor (including 
major equipments such as pumps) ($)b  
140,000e 
Annualised cost of H2O2 pre-treatment reactor ($/y) 15,000 
Annualised power consumption for mixing in H2O2 pre-
treatment reactor (kwh/y) 
7,400 
Annualised mixing cost of H2O2 pre-treatment reactor ($/y) 1,100 
Annual cost of H2O2 ($/y) 136,000 
Storage time of H2O2 (d) 30 
Annualised cost of H2O2 storage reactor ($/y) 1,750 
Annualised power consumption for the addition (to the 
H2O2 pre-treatment reactor) of the H2O2-treated WAS 
(kwh/y) 
4,800 
Annualised power cost for the addition (to the HP pre-
treatment reactor) of the H2O2-treated WAS ($/y) 
580 
Annual extra heat production from methane conversion 
(compared to the control system) (kwh/y) 
460,000 
Annual extra power production from methane conversion 
(compared to the control system) (kwh/y) 
367,000 
Annual cost associated with WAS pre-treatment ($/y) 154,000 
Annual reduced WAS transport and disposal cost (compared 
to the control system) ($/y) 
54,000 
Annual extra obtained benefit (compared to the control 
system) due to the extra heat and power generation ($/y) 
124,000 
Annual saving (compared to the control system) ($/y) -24,000 
System with FNA 
pre-treatment  
Methane production  (kgCH4/y) 345,000 
WAS fed to the anaerobic digester (kg VS/y) 2,420,300 
WAS removal in the anaerobic digester (on a dry VS basis) 41% 
Biodegradable COD (bCOD) concentration in the anaerobic 
digestion liquor (mg/L) 
300 
HCO3
-/ NH4
+-N in the anaerobic digestion liquor (mol/mol) 1 
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SRT in the FNA production reactor (d) 11d 
HRT in the FNA production reactor (d) 1.33d 
Conversion efficiency of NH4
+-N to NO2
--N 93%d 
Conversion efficiency of NH4
+-N to NO3
--N 3%d 
WAS treatment time by FNA (d) 1 
pH used in the FNA pre-treatment reactor 5.5 
Concentration of NO2
- in the FNA pre-treatment reactor (mg 
N/L) 
200 
Temperature in the FNA pre-treatment reactor (°C) 22 
Concentration of FNA in the FNA pre-treatment reactor (mg 
HNO2-N/L) 
1.42 
Capital cost of FNA production reactor (including major 
equipments such as pumps and air compressor) ($)b  
36,000e 
Annualised cost of FNA production reactor ($/y) 3,800 
Annualised power consumption for mixing in the FNA 
production reactor (kwh/y) 
1,000 
Annualised mixing cost of FNA production reactor ($/y) 150 
Annualised power consumption for the oxidation of NH4
+-
N and bCOD (kwh/y) 
37,000 
Annualised power cost for the oxidation of NH4
+-N and 
bCOD ($/y) 
5,500 
Annual cost of NaHCO3 ($/y) 11,500 
Storage time of NaHCO3 (d) 10 
Capital cost of NaHCO3 storage reactor (including major 
equipments such as pumps) ($) 
35,000e 
Annualised cost of NaHCO3 storage reactor ($/y) 3,700 
Annual cost of HCl ($/y) 12,000 
Storage time of HCl (d) 30 
Annualised cost of HCl storage reactor ($/y) 950 
Capital cost of FNA pre-treatment reactor (including major 
equipments such as pumps) ($) 
152,000e 
Annualised cost of FNA pre-treatment reactor (including 
major equipments such as pumps) ($/y) 
16,000 
Annualised power consumption for mixing in FNA pre-
treatment reactor (kwh/y) 
8,000 
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Annualised mixing cost in the FNA pre-treatment reactor 
($/y) 
1,200 
Annualised power consumption for the addition (to the FNA 
pre-treatment reactor) of the FNA-treated WAS (kwh/y) 
4,800 
Annualised power cost for the addition (to the FNA pre-
treatment reactor) of the FNA-treated WAS ($/y) 
720 
Annual extra heat production from methane conversion 
(compared to the control system) (kwh/y) 
1,050,000 
Annual extra power production from methane conversion 
(compared to the control system) (kwh/y) 
840,000 
Annual cost associated with WAS pre-treatment ($/y) 55,500 
Annual reduced WAS transport and disposal cost (compared 
to the control system) ($/y) 
129,000 
Annual extra obtained benefit (compared to the control 
system) due to the extra heat and power generation($/y) 
283,500 
Annual saving (compared to the control system) ($/y) 357,000 
System with 
FNA+H2O2 pre-
treatment  
Methane production  (kgCH4/y) 410,000 
WAS fed to the anaerobic digester (kg VS/y) 2,420,300 
WAS removal in the anaerobic digester (on a dry VS basis) 48% 
Biodegradable COD (bCOD) concentration in the anaerobic 
digestion liquor (mg/L) 
300 
HCO3
-/ NH4
+-N in the anaerobic digestion liquor (mol/mol) 1 
SRT in the FNA production reactor (d) 11d 
Hydraulic retention time (HRT) in the FNA production 
reactor (d) 
1.33d 
Conversion efficiency of NH4
+-N to NO2
--N 93%d 
Conversion efficiency of NH4
+-N to NO3
--N 3%d 
WAS treatment time by FNA (d) 1 
pH used in the pre-treatment reactor 5.5 
Concentration of NO2
- in the pre-treatment reactor (mg N/L) 200 
Concentration of FNA in the pre-treatment reactor (mg 
HNO2-N/L) 
1.42 
Capital cost of FNA production reactor (including major 
equipments such as pumps and air compressor) ($)b  
36,000e 
Annualised cost of FNA production reactor ($/y) 3,800 
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Annualised power consumption for mixing in FNA 
production reactor (kwh/y) 
1,000 
Annualised mixing cost of FNA production reactor ($/y) 150 
Annualised power consumption for the oxidation of NH4
+-
N and bCOD (kwh/y) 
37,000 
Annualised power cost for the oxidation of NH4
+-N and 
bCOD ($/y) 
5,500 
Annual cost of NaHCO3 ($/y) 11,500 
Storage time of NaHCO3 (d) 10 
Capital cost of NaHCO3 storage reactor (including major 
equipments such as pumps) ($) 
35,000e 
Annualised cost of NaHCO3 storage reactor ($/y) 3,700 
Annual cost of HCl ($/y) 12,000 
Storage time of HCl (d) 30 
Annualised cost of HCl storage reactor ($/y) 950 
Annual cost of H2O2 ($/y) 136,000 
Storage time of H2O2 (d) 30 
Annualised cost of H2O2 storage reactor ($/y) 1,750 
Capital cost of pre-treatment reactor (including major 
equipments such as pumps) ($) 
152,000e 
Annualised cost of pre-treatment reactor (including major 
equipments such as pumps) ($/y) 
16,000 
Annualised power consumption for mixing in the pre-
treatment reactor (kwh/y) 
8,000 
Annualised mixing cost in the pre-treatment reactor ($/y) 1,200 
Annualised power consumption for the addition (to the pre-
treatment reactor) of the pre-treated WAS (kwh/y) 
4,800 
Annualised power cost for the addition (to the pre-treatment 
reactor) of the pre-treated WAS ($/y) 
580 
Annual extra heat production from methane conversion 
(compared to the control system) (kwh/y) 
1,520,000 
Annual extra power production from methane conversion 
(compared to the control system) (kwh/y) 
1,210,000 
Annual cost associated with WAS pre-treatment ($/y) 193,000 
Annual reduced WAS transport and disposal cost (compared 
to the control system) ($/y) 
186,000 
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Annual extra obtained benefit (compared to the control 
system) due to the extra heat and power generation($/y) 
410,000 
Annual saving (compared to the control system) ($/y) 403,000 
Annual saving (compared to the FNA pre-treatment 
system) ($/y) 
46,000 
Annual saving (compared to H2O2 pre-treatment 
system) ($/y) 
427,000 
a Refer to Metcalf and Eddy.(2014)  
b http://www.alibaba.com/ 
c Refer to Carballa et al. (2011). 
dRefer to Law et al. (2015). 
eThe capital cost of the bioreactor was estimated using the following equation. (Hartley, 1998)  
493601×(V/1000)0.7202, where V=volume of the reactor. 
 
The net economic benefits are estimated to be around $-24,000, $357,000 and $427,000 per annum 
with the respective 25%, 60% and 90% increases in methane production in comparison with the 
control system (without chemical pre-treatment) (see the detailed calculations listed in Table 10). The 
combined pre-treatment achieves an annual economic outcome that is 13% ($46,000) higher than the 
FNA pre-treatment alone, and is significantly more profitable in comparison with the H2O2 pre-
treatment alone. Therefore, the combined pre-treatment with FNA and H2O2 is economically 
attractive. However, due to the fact that the results are affected by many varied factors such as WAS 
properties, a direct quantitative economic comparison with other available technologies is not feasible 
at this stage (Carrere et al., 2010). Also, the effect of the pre-treatment on the dewaterability of the 
anaerobically digested sludge was not investigated or taken into account in the economic analysis. 
This is because a large inoculum (inoculum to WAS ratio was 2.0 on a dry VS basis) was used in the 
BMP tests, making the analysis of the dewaterability of the anaerobically digested WAS impractical. 
Full-scale tests are required to assess the dewaterability of the anaerobically digested WAS subject 
to the pre-treatment with the combination of FNA and H2O2. The costs and benefits presented in this 
study should be regarded as a reference since this is a proof-of-concept study and the prerequisite for 
future full-scale study. Also, this study did not aim for optimizing the conditions of FNA and H2O2 
concentrations and treatment time. Technology optimization may lead to even higher methane 
production levels, thereby further enhancing the economic benefits of this pre-treatment strategy. 
4.5 Conclusion 
49 
 
The feasibility of enhancing methane production by employing the combination of FNA and oxidants 
(H2O2 and O2) pre-treatment was investigated through laboratory BMP tests. The main conclusions 
are: 
 Combined FNA and O2 pre-treatment enhanced the methane production from between 7%~17%, 
these increases were less than the FNA treatment alone in enhancing methane production. 
Therefore, it is not economically considered as a potential sludge pre-treatment technology prior 
to anaerobic digestion for enhancing methane production. 
 Combined FNA and H2O2 pre-treatment substantially enhanced anaerobic methane production 
from WAS by 59-83% whereas the H2O2 pre-treatment alone and FNA pre-treatment alone 
enhanced the methane potential by 13~23%, and 56%, respectively. 
 Combined FNA and H2O2 pre-treatment is potentially an economically attractive technology for 
the pre-treatment of WAS prior to anaerobic digestion. 
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Chapter 5 Determining the mechanisms responsible for the improved methane 
production from WAS after FNA and combined pre-treatments 
5.1 Introduction 
As described in section 1.3.2.3, EPS is one of the critical factors that affect the properties of WAS 
which will consequently have impact on its anaerobic digestion. FNA has been demonstrated to be 
effective in improving sludge biodegradability (Wang et al., 2013) as summarized in section 1.3.3.4. 
However, a detailed understanding of the mechanisms involved in FNA pre-treatment is still in need, 
which is essential for the optimization of the technology. Besides the enhanced cell lysis caused by 
FNA pre-treatment, many studies show that both aerobic and anaerobic biodegradability of WAS is 
enhanced by removing the EPS from the WAS flocs, through lytic bacterial strains, by bacterially 
secreted enzymes or by addition of surfactant (Kavitha et al., 2013, Kavitha et al., 2014, Kavitha et 
al., 2014, Lakshmi et al., 2014). Therefore, FNA may also break down EPS by reacting with the 
macromolecules and changing their chemical structures. 
 
By incorporating H2O2 into the pre-treatment, methane production was effectively further enhanced 
in comparison with the FNA and H2O2 pre-treatments alone (chapter 4). This enhanced 
biodegradability is attributed to the generation of peroxynitrite (ONOO-) and highly reactive radicals 
such as NO2
.and HO. from the reaction between FNA and H2O2 (Lobachev and Rudakov, 2006). 
Peroxynitrite and its radicals are powerful oxidants that are able to destroy cell components such as 
protein, DNA and membrane phospholipids, and also degrade EPS (King et al., 1992, Nonoyama et 
al., 2001, Neyens et al., 2004). However, the relationship between the chemical reactions and the 
improved methane production performance is worth investigating for providing insights and for 
optimizing the technology application. 
 
This study aims to verify the hypothesis that FNA breaks down EPS in WAS flocs, which accounts 
for the partial release of EPS into the soluble phase, the improvement of the sludge biodegradability 
and the enhanced cell lysis. To verify this hypothesis, EPS extraction was used to investigate the 
working principles of the FNA-based sludge pre-treatment technology. The chemical structure of EPS 
extracted from WAS was examined after being treated with FNA at 2.0 mg HNO2-N/L (260 mgNO2
-
-N/L at pH 5.5), after no treatment and after treatment at pH 5.5. The molecular weight (MW) 
distribution and the chemical structure of EPS were analyzed by gel permeation chromatography 
(GPC) and Fourier transform infrared (FTIR), respectively. The same treatments were also directly 
applied to WAS and then the particle size distribution of sludge flocs was measured and compared. 
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Additionally, the WAS was subjected to separate pre-treatments with FNA and H2O2 and also to the 
combined pre-treatment (refer to Table 5 and section 3.1.2.1 for the pre-treatment conditions). The 
supernatant from these pre-treatments was examined to reveal changes of the macromolecules to 
improve understanding of the disruptive effects of FNA. 
5.2 Material and methods 
5.2.1 Sludge sources 
On three occasions 2 L of WAS was collected from a local WWTP as described in section 3.1.1 (dates 
of collection: 27/08/2013, 04/05/2014 and 23/05/2014). Following collections, the sludge was 
transported to the lab within 2 hours and stored at 4 ºC overnight prior to EPS extraction and sludge 
treatment as described in sections 4.2.2 and 4.2.3. The WAS collected from dissolved air flotation 
thickener was diluted 5 times with secondary effluent prior to the EPS extraction, which is referred 
to as DWAS. The main characteristics of DWAS were: TS 9.6  0.1 g/L, VS 7.3  0.1 g/L, TCOD 
9.2  0.0 g/L, SCOD 0.11  0.01 g/L, and pH=7  0.2 (standard errors were obtained from triplicate 
measurements of all samples). The characteristics of WAS used in the combined FNA and H2O2 pre-
treatment are as listed in section 3.2.1. 
5.2.2 EPS extraction from WAS 
The sludge was firstly centrifuged at 2000 g, 4 ºC for 15 min and the supernatant was decanted to 
remove the soluble microbial products in the bulk water. The pellet was then dissolved to their 
original volume with extraction buffer consisting of 2 mM Na3PO4, 4 mM NaH2PO4, 9 mM NaCl and 
1 mM KCl at pH 7 with the similar ionic strength to that in the original sludge, according to Liu and 
Fang (2002). The modified cation exchange resin (CER) method (DOWEX 50x8, 20-50 mesh in Na+, 
Sigma-Aldrich) was then used for EPS extraction, which is capable of maintaining the biochemical 
properties of EPS components in comparison with other chemical extraction methods (Liu and Fang, 
2003). The CER was added to the resuspended sludge to a ratio of 70 g/gVS and the mixture was 
stirred at 600 rpm, 4 ºC for 6 hours. Afterwards, the mixture was settled for 5 mins and the resin was 
separated from the decanted sludge. The sludge mixture was then centrifuged at 12000 g at 4 ºC for 
20 mins and the supernatant was removed and filtered through disposable Millipore ﬁlter units (0.45 
µm pore size) to obtain the extracted EPS. Concentrations of the EPS components of protein, 
carbohydrate and DNA were determined in the extracts as described below (section 5.2.5). The yield 
of EPS extracted from WAS was 5% (VS basis), which is comparable with previous studies (Liu and 
Fang, 2002, D'Abzac et al., 2010). The FTIR analyses on both original sludge and EPS extracts (data 
not shown) showed that their chemical compositions were highly similar, suggesting that the EPS 
extract was sufficiently representative for the chemical functional groups, even though the extraction 
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yield was not very high. The main constituents of the EPS were proteins (38.3  1.8 mg/g VS) and 
polysaccharides (19.1  0.5 mg/g VS), accounting for up to 66% and 33% of the measured 
components, respectively. The DNA concentration was 0.50  0.02 mg/g VS, which is consistent 
with previous studies (Liu and Fang, 2002, D'Abzac et al., 2010), and indicates minimal cell lysis 
occurred during the EPS extraction. 
5.2.3 FNA treatment on EPS extract and DWAS  
The treatment tests were carried out on all the three sludge samples collected at the different time 
points. In each set of tests, three batch reactors each with 100 mL EPS extract were used to investigate 
the effect of FNA on the molecular weight distribution and chemical structures of the components in 
the EPS extracts. Two treatments were controls, with the other reactor including the FNA treatment 
(Table 11). The nitrite stock solution (40 g N/L) was added to the reactor to achieve the designed 
level of 260 mg N/L. The previous study on anaerobic methane production at different FNA 
concentrations in combination with the economic analysis has revealed that FNA treatment at 2.0 mg 
HNO2-N/L for 24 h resulted in the highest methane production with significant economic advantages 
(Wang et al., 2013). Therefore, these conditions were selected in this study. After the 24-h treatment, 
the EPS extract in each reactor was divided with one half used for MW distribution analyses and the 
other half freeze-dried for chemical structure analysis.  
Table 11 Treatment conditions applied to the extracted EPS and to the DWAS 
Treatment FNA (mg N/L) NO2
--N (mg N/L) pH Treatment time (h) 
Control I 0 0 6.8 - 7.0a 24 
Control II 0 0 5.5±0.2b 24 
FNA 2.0 260 5.5±0.2b 24 
apH was not controlled  
bpH was controlled with PLC and 1M HCl 
 
In parallel to the above reactors, three other batch reactors each with 100 mL of DWAS, were used 
to study the impacts of FNA treatment on the particle size distribution of DWAS. The DWAS in the 
three reactors was subject to the same treatments conditions as applied to the EPS extract (Table 11).  
5.2.4 WAS pre-treatment with FNA, H2O2 and their combinations 
WAS was pre-treated with FNA alone, H2O2 alone and their combinations as previously detailed 
(Table 5 in section 3.1.2.1). The sludge prior to- and after the pre-treatment was centrifuged at 5000g 
for 15 minutes and then the supernatant collected was filtered through disposable Millipore ﬁlter units 
(0.45 µm pore size) and the filtrate was retained for the chemical and structural analyses. 
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5.2.5 Analysis of chemicals and macromolecular properties 
Concentrations of proteins and DNA in the EPS extracts were analysed using the Peirce™ Coomassie 
(Bradford) Protein Assay kit (Pierce Biotechnology, USA) and the DNA Quantification kit 
(Fluorescence assay using bisBenzimide H 33258, Sigma Aldrich, USA), respectively. Carbohydrates 
were quantified with the Phenol-Sulfuric acid method (Kochert, 1978). Bovine serum albumin (BSA), 
D-Glucose (Sigma Aldrich) and calf thymus DNA were used to prepare standard curves in the same 
extraction buffer as the EPS extraction. To normalize the concentrations of the three major 
components in EPS, the measured volume concentrations (mg BSA-, mg D-glucose- and mg calf-
thymus- equivalents/L) were then divided by the volatile solids concentration (g VS/L) in the original 
sludge samples to obtain the mass-based concentrations (mg BSA-, mg D-glucose- and mg calf-
thymus- equivalents/g VS). All measurements were done in triplicate.  
 
TS, VS, TCOD, SCOD, NH4
+-N, NO2
--N and soluble Kjeldahl nitrogen (SKN) concentrations were 
analyzed with the methods described in section 3.3.1. The concentrations of the aforementioned 
nitrogen species, both prior to- and after pre-treatment, were expressed as biomass specific values, 
obtained by dividing the concentration of the corresponding VS of the sludge measured before the 
pre-treatment. TS and VS of WAS did not change significantly during the pre-treatment (P>0.05). 
The VS of WAS measured before the pre-treatment was used to normalize the changes of the 
aforementioned parameters. 
 
MW distribution and chemical structure of the macromolecules in the EPS extracted from DWAS 
and in the supernatant phase of WAS with- and without the pre-treatment were analyzed by GPC and 
FTIR with the methods described in section 3.3.2 and section 3.3.3. 
5.2.6 Analysis of particle size distribution of DWAS flocs  
The particle size distribution of DWAS with and without FNA treatment was analysed by Mastersizer 
2000 particle size analyzer (Malvern Co.) equipped with a Hydro 2000MU sample dispersion unit 
with a measurement range of 0.02 to 2000 μm. Distilled water (2 L) was used as a liquid dispersant. 
Sludge samples were well mixed and then added to the dispersal unit until the laser obscuration 
reached the optimum range.  The particle size distribution was then measured with the technique of 
laser diffraction. The measurement for each sample was repeated 5 times to ensure reproducible 
results. 
5.3 Results 
5.3.1 Effect of FNA on MW distribution of EPS from DWAS 
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The molecular weight distribution and chemical structure analyses were applied to the EPS extracted 
from the three batches of sludge. The results were reproducible and herewith only the results from 
the 04/05/2014 samples were further interpreted. 
 
The molecular weight distributions of the EPS components with and without FNA treatment were 
determined (Figure 14). UV and RI detectors were used to determine the MW distribution of UV non-
absorbing (carbohydrate) and absorbing (protein and nucleic acids) constituents with the signal 
intensity used for semi-quantification. Based on the calibration curve, the peaks emerging no later 
than t=10.2 min in the RI spectra represented the macromolecules with MW higher than 708 kDa and 
the peaks that appeared after 20 min represented the molecules with MW lower than 180 Da. The 
peaks between 12 min and 20 min arose from the molecules with MW ranging from 708 kDa to 180 
Da. The corresponding molecular weights of the peaks at different retention times are listed in Table 
12. Substantial peak shifts were observed from the UV 254nm detector after FNA treatment. The 
peak at 15.36 min (in Control I) shifted to 15.67 min after FNA treatment, corresponding to a decrease 
of MW from 57,300 Da to 42,015 Da. Similarly, the peak at 17.12 min shifted to 17.60 min, 
representing a MW decrease from 10,048 Da to 7,238 Da after FNA treatment. In the case of Control 
II, the decrease of the MWs in comparison with MWs in Control I was also observed, but to a much 
lesser extent than that after the FNA treatment. These changes were from 57,300 Da at 15.36 min to 
52,149 Da at 15.46 min and from 10,048 Da at 17.12 min to 9,690 Da at 17.22 min. Besides peaks 
shifts, the intensity of the peak at around 17.60 min was significantly intensified after FNA treatment 
in comparison to that of Control I and Control II, this indicating the breakdown of large molecules 
into smaller ones. In addition to the intensity changes, the shoulder peak at 16.25 min in Control I 
representing a MW of 15,949 Da disappeared after FNA treatment, while no significant change was 
observed in the case of Control II. Also, FNA treatment yielded more new peaks in the range with 
MW lower than 180 Da. All the evidence collectively suggested the breakdown of proteins, nucleic 
acids and/or amino sugars.  
 
The macromolecules detected by RI showed a similar trend. Substantial peak shifts were observed 
after FNA treatment. The peak detected in Control I at 15.05 min shifted to 15.23 min, representing 
a decrease in MW from 32,732 Da to 29,945 Da after FNA treatment. A more significant peak shift 
took place from 17.47 min to 17.80 min, implying the MW decreased from 2,971 Da to 2,525 Da 
after FNA treatment. For the Control II samples, slight decreases of MWs in comparison with that in 
Control I were observed. As well the peak shifts between Control II and after FNA treatment were 
less than those above, these being from 32,732 Da at 15.05 min to 30,856 Da at 15.15 min and from 
2,971 Da at 17.47 min to 2,889 Da at 17.52 min. The peak at around 17.80 min after FNA treatment 
was substantially intensified compared to those of Control I and Control II. Besides the peaks shifts, 
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a new peak representing a MW of 245 Da emerged only after FNA treatment. These results 
collectively indicate that FNA was causing break down of EPS components. 
 
However, it is noticeable that the MW shifts from the RI detector are not as distinct as those from the 
UV detector, implying the main target of FNA in the EPS is UV absorbing substances, such as protein, 
amino sugars and nucleic acids. 
 
 
Figure 14 GPC results of molecular weight distribution of EPS components extracted from WAS 
with and without FNA treatment. (A 27/08/2013, B 04/05/2014, C 23/05/2014) 
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Table 12 Retention times and corresponding MWs of the peaks detected from EPS extracted from 
WAS with and without FNA treatment 
 
 
Control I Control II FNA treatment  
 
Peaks 
Time 
(min) 
Mw 
(Da) 
Time 
(min) 
Mw 
(Da) 
Time 
(min) 
Mw (Da) 
UV 254nm 
detector 
Peak 1 15.36 57300 15.46 52149 15.67 42015 
Peak 2 17.12 10048 17.22 9690 17.60 7238 
RI detector 
Peak 1 15.05 32732 15.15 30856 15.23 29945 
Peak 2 17.47 2971 17.52 2889 17.80 2525 
Peak 3 Not applicable Not applicable 19.83 245 
5.3.2 Effect of FNA on chemical structures of EPS from DWAS 
Chemical structure changes in EPS molecules caused by FNA treatment were detected (Figure 15). 
From the assignment of FITR bands, four main characteristic functional groups were identified (Table 
13). These were at the frequencies of: 1700~1600 cm-1 for the amide I region; 1500~1300 cm-1 for 
carboxylic groups; 1200~900 cm-1 for carbohydrates and nucleic acid, and 900~600 cm-1 for the 
fingerprint region. A broad band detected near 3300 cm-1 corresponds to the stretching of both υO-H 
and υN-H. The bands around 1640cm-1 and 1550 cm-1 represent υsC=O stretching and δN-H and υsC-
N stretching, respectively, indicating the existence of amide I and amide II associated with proteins. 
A shoulder band appearing around 1129 cm-1 represents δC-OH, δC-O, and υC-O associated with 
amino acids. The band at 1060 cm-1 corresponds to υC-OH of phosphorylated proteins and 
polysaccharides. The wide band around 950 cm-1 represents υas O-P-O stretching associated with 
nucleic acids. Bands at 600~900 cm-1 denote the existence of ring vibration associated with υC-C and 
υC-OH from aromatic amino acids (e.g. Phe, Trp and Tyr) and nucleotides (Badireddy et al., 2010).  
Table 13 FTIR spectra band assignment of EPS components extracted from WAS in the absence 
and presence of FNA treatment (Schuster, 1960, Taylor and Conrad, 1972, Duan et al., 2008) 
Frequencies (cm-1) Band assignment 
3300 υO-H and υN-H associated with alcohols and amines 
1640 υsC=O stretching (amide I) and υC=N stretching associated 
with proteins 
1550 δN-H and υsC-N stretching in amide II associated with proteins 
1129 δC-OH, δC-O, and υC-O associated with amino acids  
1060 υO-H deformation, υC-O stretching, ring vibration υP=O, C-O-
C and C-O-P in phosphodiesters and polysaccharides  
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950 υas O-P-O stretching associated with nucleic acids 
900~600 Ring vibrations associated with υC-C and υC-OH from 
aromatic amino acids and nucleotides 
 
In comparison to peaks in the Control I treatment, the peak at 1550 cm-1 was weakened after FNA 
treatment, while in the case of Control II, no changes occurred to this peak. For the shoulder peak at 
1129 cm-1, a slight peak shift was observed in the case of Control II while the FNA treatment extended 
the shoulder band to a more obvious peak in comparison to that in Control I. This is likely due to the 
deaminative depolymerisation of proteins and/or amino sugars by FNA and/or its derivatives (Klug 
and Cummings, 2003, Klein, 2013). The band at 950 cm-1 split into two vibration bands near 950 cm-
1 and 990 cm-1 only after FNA treatment. It is reported that this band movement is accredited to the 
deamination of the amino bases in nucleic acids and implies that FNA is causing mutations of DNA 
(Schuster, 1960). Slight impairment of the peaks between 600~900 cm-1 after FNA treatment 
indicated that FNA is capable of breaking carbon based ring structures. Such an outcome would likely 
improve the biodegradability of the hardly biodegradable organic matter (Malling, 2004). It should 
be noted that the breakdown of the macromolecules is ascribed to the chemical reactions between 
them and FNA and/or its derivatives rather than the action of microbial degradation. The EPS samples 
were filtered which would remove the majority of the microorganisms. In addition, previous studies 
demonstrate that FNA at concentrations of parts per million (ppm) have a very strong biocidal effect 
on microorganisms (Yoon et al., 2006, Jiang et al., 2011). Thus, the FNA concentration used here of 
2.0 mg HNO2-N/L, would inactivate any residual microorganisms that might have gone through the 
filters and would not contribute to the breakdown of the macromolecules. 
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Figure 15 FTIR spectra of EPS components extracted from WAS with and without FNA treatment 
(A 27/08/2013, B 04/05/2014, C 23/05/2014) 
5.3.3 Effects of FNA on particle size distribution of DWAS flocs  
The particle size distribution of the DWAS flocs was determined with and without FNA treatment 
(Figure 16). There is an apparent shift in the particle size after the FNA treatment. In comparison of 
the d50 values, there is no significant difference between the Control I (102 ± 2 μm) and the Control 
II (99 ± 1 μm) samples (p>0.05). Whereas after FNA treatment, it was reduced significantly to 69 ± 
1 μm (p<0.01), which is 32% and 30% lower than that in Control I and Control II. The shift of particle 
size distribution after FNA treatment implies that the sludge flocs were disintegrated, and supports 
the previous evidence that the FNA treatment resulted in the breakdown of EPS in flocs.  
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Figure 16 Particle size distribution detected in DWAS with and without FNA treatment 
5.3.4 Effect of FNA, H2O2 and their combined pre-treatment on MW distribution of soluble 
macromolecules from WAS 
The molecular weight (MW) distribution of macromolecules was detected in the soluble phase of 
WAS, with no treatment, with FNA and H2O2 treatments separately and with the combined pre-
treatment (Figure 17). In comparison to the sludge without any pre-treatment, in the RI spectra the 
peak at 12.5 min disappeared after FNA- and the combined pre-treatment. The peaks at 15.1 min and 
at 17.5 min both shifted to lower MW regions after FNA and the combined pre-treatment. New peaks 
also emerged in the low-MW region after FNA- and the combined pre-treatment. The peak shifts and 
new peaks indicate the breakdown of larger molecules into smaller ones. Similar peak shifts were 
also observed in the UV spectra, with new peaks emerging in the low-MW region with the FNA pre-
treatment alone and with the combined pre-treatment. In contrast, peak shifts to the higher MW region 
were observed from both detectors with H2O2 pre-treatment alone, indicating the likely aggregation 
of small molecules through anionic functional groups, hydrogen bonding or hydrophobic interactions 
(Huglin et al., 1986). The peaks from both detectors with FNA- and the combined pre-treatment were 
substantially intensified in comparison to those with H2O2 pre-treatment alone, suggesting a higher 
degree of sludge/particulate substance solubilisation occurred with FNA- and with the combined pre-
treatment in comparison with H2O2 pre-treatment alone. 
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Figure 17 GPC results of macromolecules in soluble phase of WAS with- and without pre-treatment 
5.3.5 Effect of FNA, H2O2 and their combined pre-treatment on the molecular structure of 
soluble macromolecules from WAS 
Figure 18 shows the FTIR spectra of macromolecule chemical structures in the soluble phase of WAS 
with- and without FNA, H2O2 and their combined pre-treatment. According to the band assignments 
summarized in Table 13, the broad peak near 3300 cm-1 corresponds to both υO-H and υN-H 
stretching. The peak at 1550 cm-1, representing δN-H and υsC-N stretching, together with the peak 
near 3300 cm-1 indicates the existence of amide II associated with proteins. The peak at 1550 cm-1 
was weakened after pre-treatment with H2O2 alone, and almost disappeared after the FNA- and 
combined pre-treatment. This is presumably due to the deamination effects of H2O2, FNA/its 
derivatives and/or the products of the combination of FNA and H2O2. The peak at around 1402 cm
-1 
was assigned to υsCOO- stretching of carboxylate groups attributed to the presence of uronic and 
humic acids. H2O2 pre-treatment alone did not cause obvious changes to this peak, whereas FNA and 
the combined pre-treatment slightly weakened the peak. The shoulder peak around 1129 cm-1 
represented ring vibrations of υP=O, υC-O-C and υC-O-P in phosphodiesters and polysaccharides. 
This peak was enhanced initially as the H2O2 level was increased to 50 mg/g TS but then it decreased 
as the dosage was further increased. However, after FNA- and the combined pre-treatment, the 
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shoulder peak completely disappeared, implying the oxidation of the ring structures in 
phosphodiesters and polysaccharides. The same trend was observed for the peak around 998 cm-1 
representing υasO-P-O stretching associated with nucleic acids.  
 
 
Figure 18 FTIR spectra of macromolecules in soluble phase of WAS with- and without pre-treatment 
5.4 Discussion 
5.4.1 Proposed mechanisms to explain the effects of FNA on EPS 
The chemical structure analysis of EPS extract with and without FNA treatment revealed that the 
breakdown of the macromolecules occurs and that this is due to the oxidative and deaminative 
depolymerisation of proteins, amino sugars and amino bases in nucleic acids by FNA or its 
derivatives. FNA is reported to cause oxidative deamination of the NH2 group in adenine or cytosine 
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to form ether groups (Shively and Conrad, 1970, Yoon et al., 2006). This would alter the DNA 
structure by converting adenine to hypoxanthine (which pairs with C), cytosine to uracil (which pairs 
with A) and guanine to xanthine (which still pairs with C) (Schuster, 1960). This would disrupt the 
preexisting base pairing in the DNA structure, and would destroy the basic functions of DNA for the 
purposes of transcription and translation of genes to RNA and proteins and for the purpose of passing 
on hereditary information to progeny. The deaminative cleavage of model amino sugar glycosides 
and glycosaminoglycuronans by FNA has also been previously demonstrated (Shively and Conrad, 
1970). Additionally, it is also reported that the reactive nitrogen species (RNSs) derived from nitric 
oxide, which is one of the derivatives from FNA (Higgins and Novak, 1997), can chemically 
depolymerize carbohydrates through deamination (Martinez et al., 2000). Consequently, the 
deamination of the molecules reported here is consistent with previous findings. 
 
It is well known that extracellular proteins are strongly involved in the aggregation of bacteria into 
flocs (Martinez et al., 2000, Ramesh et al., 2006). Therefore, the breakdown of proteins caused by 
FNA treatment could result in the disintegration of the EPS matrix. A recent study shows that the 
removal of toxic metals from WAS with FNA treatment at 19.2 mg HNO2-N/L (i.e. 20 mg NO2
--N/L 
at pH 2) was significantly enhanced in comparison to the removal from WAS with acid treatment at 
pH 2 alone (Du et al., 2015). Further analysis verified that the improvement of toxic metal removal 
mainly resulted from the release of organically bound metals. Furthermore, the breakdown of the 
macromolecules and cleavage of ring structures due to FNA-induced deamination and oxidation 
potentially converted the difficult-to-degrade substances into more easily biodegradable ones (Ni et 
al., 2010). The changes to the structure of these molecules likely contributed to enhance the sludge 
biodegradability (Wang et al., 2013).  
5.4.2 Mechanisms of the improved methane production from WAS with FNA, H2O2 and their 
combined pre-treatment 
As demonstrated in Chapter 5, all the pre-treatments applied to WAS resulted in increased methane 
potential, this was despite the fact that the SCOD after H2O2 pre-treatment was not consistently higher 
than that of the control (Figure 19). Previous studies indicate that the SCOD increase is not sufficient 
to explain the increased methane potential (Paul et al., 2012, Wang et al., 2014). The decrease in 
SCOD with H2O2 pre-treatment alone may be because the H2O2 concentration used in this study (10, 
30, 50, 80 mg H2O2/g TS) was not high enough to cause widespread cell lysis and the dissolution of 
the EPS matrix. However, some non-biodegradable fractions may have been converted to 
biodegradable fractions, which could account for the increased methane potential in comparison with 
the control. This is supported by the intensified FTIR peaks as the dosage of H2O2 increased to 50 
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mg/g TS and the subsequent decline of those peaks as the dosage further increased to 80 mg/g TS. 
The intensified peaks implied that cell lysis and EPS matrix disruption caused the release of inclusions 
and extracellular substances, while the subsequent decline of those peaks could be attributed to the 
oxidation of the soluble substances by H2O2 itself. It has been demonstrated that H2O2 is capable of 
degrading chitosan and enzymes (Denu and Tanner, 1998, Qin et al., 2002).  
 
Figure 19 Biomass specific concentrations of (A) SCOD, (B) NH4
+-N and SKN detected after 24 h 
pre-treatment of WAS. Error bars show standard errors resulting from triplicate tests. See Table 5 for 
details of the pre-treatment conditions shown in abscissa. 
The extensive SCOD increase after FNA pre-treatment demonstrates the effectiveness of FNA or its 
derivatives (e.g. NO, N2O3 and NO2) in solubilizing the sludge and disintegrating the particulate COD. 
The MW distribution analysis of the sludge soluble phase, as indicated by the shifts of the peaks and 
the intensified signals, confirmed the significant breakdown of macromolecules into smaller 
molecules after the FNA pre-treatment in comparison with that of the control and of the H2O2 pre-
treatment alone. The chemical structure analysis of the sludge soluble phase revealed that 
deamination occurred in the FNA pre-treatment systems. It has been demonstrated that deamination 
is essential for extensive decomposition of macromolecules (Schmidt, 1929) and subsequently 
impacts on their biodegradability. 
 
Combined pre-treatment resulted in a further increase in SCOD, suggesting that the combinations of 
FNA and H2O2 were more effective
 in the solubilisation of sludge and particulates. The MW 
distribution and chemical structure changes with the combined pre-treatment were very similar to 
those with the FNA pre-treatment alone, indicating that the addition of a small amount of H2O2 could 
significantly enhance the deaminative and oxidative effects of FNA on organic matter. It is reported 
that the reaction between FNA and H2O2 could produce peroxynitrite followed by decomposition into 
the hydroxyl radical (OH) and the dioxide radical (NO2) (Beckman et al., 1990). The formation of 
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HO NO2at pH 5.5 is able to damage DNA and causes degradation of proteins (King et al., 1992, 
Nonoyama et al., 2001).  This corroborates the results from the two-substrate model parameter 
estimation showing that the pre-treatment converted non-biodegradable substances into rapidly 
biodegradable substances, which are responsible for the improved methane production shown in 
Figure 11 (section 4.3.2). 
5.5 Conclusion 
The effect of FNA on EPS extracted from WAS was investigated through examination of the 
molecular weight distribution and chemical structure of the components of EPS with and without 
FNA treatment. FNA caused break down of macromolecules in EPS, resulting in disintegration of 
sludge flocs, which is mainly due to the oxidative and deaminative depolymerisation of proteins, 
amino sugars and amino bases in nucleic acids by FNA and/or its derivatives. 
 
The mechanisms likely responsible for the improved methane production from WAS treated with 
FNA and the combined FNA and H2O2 pre-treatment were further studied at the bio-molecular level. 
The main conclusions are summarised as follows: 
 The increased methane potential is primarily attributed to the significant increase in rapidly 
biodegradable organics converted from non-biodegradable organics. 
 In addition to sludge dissolution, another likely major contributing mechanism for the improved 
performance is the changes in chemical structure from large molecules to smaller molecules due 
to deamination and oxidation. 
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Chapter 6 Effect of free nitrous acid pre-treatment on primary sludge 
biodegradability and its implications 
6.1 Introduction 
The effectiveness of FNA to improve the biodegradability and BMP from WAS has been shown; 
however, in many domestic WWTPs, primary sludge (PS) and WAS, are mixed and digested together. 
As stated in section 1.4, the PS has distinctive characteristics in comparison to WAS, and likely this 
has inherent impact on the effectiveness of sludge pre-treatment for anaerobic digestion (Sato et al., 
2001, Gavala et al., 2003, Wilson and Novak, 2009).  
 
Due to differences in the characteristics between PS and WAS, it is important to determine the effects 
of FNA pre-treatment on the biodegradability of PS. This will reveal whether the PS and WAS should 
be treated simultaneously with FNA prior to anaerobic digestion and consequently would affect the 
design of FNA-based sludge pre-treatment units in WWTPs. 
 
This study aims to investigate the effects of FNA pre-treatment on methane production from PS and 
to examine the mechanisms associated with the change in production. Full-scale PS was pre-treated 
with FNA at a series of concentrations (0.77, 1.54, 2.31, 3.08, 3.85 mg HNO2-N/L) and sludge without 
any pre-treatment was included as a control. PS solubilisation and BMP tests were then assessed and 
compared. Afterwards, the FNA treated PS was centrifuged to separate the supernatant from the solid 
phase, and BMP tests were performed on both fractions to reveal their contributions to methane 
production. Model-based interpretation, in combination with the MW distribution and chemical 
structure analysis of the substances in the supernatant with and without pre-treatment, was used to 
understand the mechanisms contributing to the reduced methane production detected from PS with 
FNA pre-treatment. 
6.2 Material and methods 
6.2.1 Sludge sources 
Two batches of primary sludge (PS1 and PS2) were collected from the primary clarifier in the WWTP 
described in section 3.1.1. The main characteristics of PS1 were: TS 44.5  0.3 g/L, VS 38.5  0.2 
g/L, TCOD 70.2  0.2 g/L, SCOD 3.7  0.03 g/L and pH=5.6  0.1. The main characteristics of PS2 
(with standard errors obtained from triplicate measurements) were: TS 47.9  1.2 g/L, VS 39.6  0.1 
g/L, TCOD 75.6  0.5 g/L, SCOD 4.0  0.04 g/L and pH=5.7  0.1.  
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Two batches of inoculum sludge (IS1 and IS2) used for BMP tests were collected from the mesophilic 
anaerobic digester of the same WWTP, which treats mixed primary sludge and WAS. The main 
characteristics of IS1 were: TS 20.7  0.4 g/L, VS 15.3  0.3 g/L, TCOD 22.8  0.4 g/L, SCOD 0.61 
 0.05 g/L and pH=7.3  0.0. The main characteristics of IS2 were: TS 26.0  0.5 g/L, VS 18.6  0.7 
g/L, TCOD 27.1  0.6 g/L, SCOD 0.72  0.03 g/L and pH=7.5  0.0. All results were expressed as 
the mean value with standard errors obtained from triplicate measurements. 
6.2.2 Pre-treatment of PS with FNA  
Batch test I: PS1 was used to test the effect of FNA on the methane production from PS. The pre-
treatment conditions were as listed in Table 7 in section 3.1.2.2.  
 
Batch test II: PS2 was used in this set of tests for investigating the effects of FNA on PS at the bio-
molecular level and for determining the influence of FNA on methane production from both the 
soluble and solid phase of PS. Six 300 mL batch reactors, including one control, were treated under 
the same conditions as described for Batch test I. SCOD, NH4
+-N and NO2
- -N were measured in the 
supernatant phase of PS both before and after the FNA pre-treatment. After 24-h, the sludges with- 
and without FNA pre-treatment were centrifuged to separate the supernatant from the solid phase (i.e. 
sludge pellet). The sludge pellet was then dissolved into the same volume of the WWTP secondary 
effluent (re-dissolved PS2). The secondary effluent was collected from the same WWTP with a 
TCOD level of 43  3 mg/L. The supernatant was then freeze-dried for analyses of the MW 
distribution and chemical structure of the macromolecules in the supernatant. 
6.2.3 Anaerobic biochemical methane potential (BMP) batch tests 
Methane production from PS1, the solid and soluble fractions of PS2 with- and without FNA pre-
treatment was assessed using BMP tests, using previously described protocols (Jensen et al. (2011). 
The volume of primary sludge and inoculum in the BMP bottles for the three batches of BMP tests 
were as follows: 20 mL PS1 and 80 mL IS1; 25 mL PS2 re-dissolved sludge and 75 mL IS2; and 70 
mL PS2 supernatant and 30 mL IS2. This maintained an inoculum to substrate ratio between 1.5~2.0 
(VS basis for sludge samples and TCOD basis for supernatant samples). Methane volume and 
concentration were determined with the method described in section 3.1.3. 
6.2.4 Modeling of biochemical methane potential tests of PS1 
The hydrolysis rate (k) and biochemical methane potential (B0), two key parameters associated with 
methane production from PS1, were used to evaluate methane production kinetics and potential of 
PS1 with and without FNA pre-treatment. They were estimated by fitting the methane production 
data from BMP tests to a modified single substrate first-order kinetic model using a modified version 
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of Aquasim 2.1d as described in Wang et al. (2013). All parameters were simultaneously estimated 
using the gradient search method in Aquasim 2.1 d (Batstone et al., 2009) and the equations (1) and 
(2): 
When t<t_d,  
B(t)=0                                                                                                                                      (1) 
When t>t_d, 
B(t) = 𝐵0(1 − 𝑒
−𝑘(𝑡−𝑡𝑑))                                                                                                       (2) 
Where B(t) is the cumulative methane production at time t (L CH4/kg VS added); t = time (d); t_d is 
the lag time for nitrite removal due to denitrification (nitrite was introduced via addition of FNA-
treated PS) before methane production (d); k=hydrolysis rate of the substrates (d-1). 
 
The degradation extent (Y) of PS1 was determined using equation (3): 
Y = 𝐵0/380 × 𝑅𝑃𝑆 + 1.71 × 𝑆𝑁𝑂2−/𝑀𝑃𝑆                                                                                (3) 
Where B0 =biochemical methane potential (L CH4/kg VS added); 380=theoretical biochemical 
methane potential under standard conditions (25 °C, 1 atm) (L CH4/kg TCOD) (Metcalf; and Eddy, 
2003); RPS= measured ratio of VS to TCOD in the studied PS1 (0.55 in this study); 1.71=oxygen 
equivalent of nitrite (kg O2/kg NO2
--N) (Tchobanoglous et al., 2014); 𝑆𝑁𝑂2− =measured nitrite 
concentration in PS1 after pre-treatment (0, 0.1, 0.2, 0.3, 0.4, 0.5 g N/L); MPS=measured TCOD in 
PS1 after pre-treatment (70.2 g COD/L in this study). 
6.2.5 Analysis 
TS, VS, TCOD, SCOD, NH4
+-N, NO2
--N and soluble Kjeldahl nitrogen (SKN) concentrations were 
analyzed with the methods described in section 3.3.1. The concentrations of the aforementioned 
nitrogen species both prior to- and after pre-treatment were expressed as a biomass specific value 
divided by the corresponding VS of the sludge measured before the pre-treatment.  
 
MW distribution and chemical structure of the macromolecules in the supernatant phase of PS2 with- 
and without the pre-treatment were analyzed by GPC and FTIR as described in section 3.3.2 and 
section 3.3.3. 
6.3 Results and discussion 
6.3.1 Effect of FNA pre-treatment on PS solubilisation and properties of macromolecules in the 
soluble phase of PS 
Changes of SCOD in PS1 and PS2 with and without FNA pre-treatments were measured (Figure 20). 
All FNA concentrations applied in this study resulted in an increase of SCOD in PS (0.08~0.10 mg 
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SCOD/mg VS from PS1 and 0.03~0.09 mg SCOD/mg VS from PS2). However, the increase of 
SCOD was not coherent with the increase of FNA concentrations applied in this study. As the FNA 
concentration increased to higher than 1.54 mg N/L in the case with PS 1 and 2.31 mg N/L in the case 
with PS2, the SCOD levels stopped increasing, except for PS2 where the highest level occurred at the 
FNA concentration of 3.85 mg N/L. In addition, the increase was much less compared to the increase 
of SCOD (0.08~0.16 mg SCOD/mg VS) detected in WAS with the same pre-treatment (Wang et al., 
2013). This indicating that the particulates in PS were not as susceptible to FNA pre-treatment as 
those in WAS, and this is likely due to the different macromolecular components in PS and in WAS. 
The PS has a fatty acids content 4~7 times higher than WAS, but the protein and polysaccharides 
contents are two folds lower in PS than those in WAS (Wilson and Novak, 2009).  
 
Figure 20 Increase of SCOD in PS1 and PS2 with and without FNA pre-treatments 
Figure 21 shows the molecular weight (MW) distribution of macromolecules in the soluble phase of 
PS2, with- and without FNA pre-treatment. In comparison with the results from the PS without FNA 
pre-treatment, the UV detected peak at 18.05 min shifted gradually to 18.27 min for the FNA 
concentration of 3.85 mg HNO2-N/L. This corresponded to the MW change from 4,019 Da to 3,480 
Da. In addition to peak shifts, a new peak emerged at 26.45 min after FNA pre-treatment at all 
concentrations, suggesting the breakdown of macromolecules into smaller ones. Very similar results 
were obtained from the RI detector. The peak at 18.30 min was observed to shift to 18.53 min as the 
FNA concentration increased, this corresponding to the slight MW change from 1,366 Da to 1,189 
Da. The intensities of all the peaks from both UV and RI detectors after FNA pre-treatments were 
enhanced but to different extents, which is consistent with the SCOD results. The intensities of the 
peaks at the high MW region (15~20 min on X axis) increased more significantly compared to those 
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in the low MW region (<15 min on X axis), this indicating the disintegration of particulate organic 
matter into the soluble phase mainly in the form of macromolecules. 
 
 
Figure 21 Macromolecules in the soluble phase in PS2 with- and without pre-treatment as detected by GPC. 
The chemical structures of the soluble macromolecules in PS2 with- and without FNA pre-treatment 
were examined (Figure 22) and band assignments were made (Table 13 in section 6.3.2). The bands 
at around 1640 cm-1 and 1550 cm-1 represent υsC=O and υsC=N stretching and δN-H and υsC-N 
stretching, respectively, indicating the existence of amide I and amide II associated with proteins. 
With FNA concentrations higher than 0.77 mg HNO2-N/L, the peak at 1640 cm
-1 disappeared, 
indicating the breakdown of υsC=O and υsC=N stretching in proteins. The peak at 1129 cm-1 
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representing the δC-OH, δC-O, and υC-O associated with amino acids emerged with FNA pre-
treatment, which is likely accredited to the breakdown of proteins due to the deaminative 
depolymerisation of proteins and/or amino sugars by FNA and/or its derivatives (Taylor and Conrad, 
1972, Duan et al., 2008).  
 
 
Figure 22 FTIR spectra of macromolecules in the soluble phase of PS2 with and without FNA pre-
treatment 
6.3.2 Effect of FNA pre-treatment on the methane production from PS1 and two fractions of 
PS2 
Both measured and modelled methane production from PS1 are shown in Figure 23. The measured 
amounts showed that both the methane production rate and methane potential from PS1 were reduced 
significantly with FNA pre-treatment. The higher FNA concentration applied in the pre-treatment 
resulted in lower methane production rates and methane potential. As well a lag time of methane 
production from the sludge with FNA pre-treatment was observed.  
 
The simulated methane production curves showed a satisfactory fit of the one substrate model to the 
measured methane production (R2>0.97 in all cases) (Figure 23). Values for k, B0, Y and t_d were 
estimated at different FNA concentrations (Table 14). The hydrolysis rate (k) in all cases with FNA 
pre-treatment (0.10~0.14 d-1) was significantly lower (p<0.05) than that in the control without any 
pre-treatment (0.25 d-1). With the increase of FNA concentration, k did not show significant change 
(p>0.05). The methane potential (B0) had very similar trends to k at FNA concentrations lower than 
2.31 mg HNO2-N/L. These ranged from 415 L CH4/kg VS added, with no FNA pre-treatment, to 400, 
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403 and 412 L CH4/kg VS added, when FNA pre-treatment was at concentrations of 0.77, 1.54 and 
2.31 mg HNO2-N/L respectively. Additionally, at the higher FNA concentrations of 3.08 and 3.85 
mg HNO2-N/L the decrease in methane potential was significantly more substantial, these were 
lowered to 359 and 345 L CH4/kg VS added, respectively. Lag times of methane production correlated 
positively with the applied FNA, such that the higher FNA concentrations resulted in longer lag times. 
 
 
Figure 23 Measured and simulated methane production in the BMP tests from PS1 (symbols 
represent experimental measurements; solid lines represent model fit using one-substrate model. 
Error bars show standard errors) 
 
Table 14 Estimated k, B0, Y and t_d at different pre-treatment conditions using one-substrate model 
(with 95% confidence intervals). 
 
Reactor 
No. 
Pre-treatment k (d-1) 
B0 (L 
CH4/kgVS 
added) 
Y t_d (day) 
Batch 
test I 
(PS1) 
1 Control 0.25±0.01 415±12 0.60±0.01 1.18±0.23 
2 
FNA 1 
(0.77 mg N/L) 
0.14±0.01 400±10 0.58±0.01 1.16±0.23 
3 
FNA 2 
(1.54 mg N/L) 
0.12±0.01 403±13 0.59±0.01 1.64±0.23 
4 
FNA 3 
(2.31 mg N/L) 
0.10±0.01 412±20 0.60±0.01 2.51±0.35 
5 
FNA 4 
(3.08 mg N/L) 
0.14±0.02 359±13 0.53±0.01 6.29±0.30 
6 
FNA 5 
(3.85 mg N/L) 
0.12±0.02 345±20 0.51±0.01 6.95±0.40 
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The cumulative methane production from the solid phase (A) and the supernatant phase (B) of PS2, 
with and without FNA pre-treatment were detected (Figure 24). The methane production from the 
samples with FNA pre-treatment was significantly lower than those from the samples without FNA 
pre-treatment for both phases. FNA pre-treatment indeed resulted in the release of soluble substances 
as indicated in the SCOD result (Figure 20), MW distribution shifts (Figure 21) and chemical 
structure changes of the macromolecules (Figure 22) in the supernatant phase of PS2. However, the 
changes failed to enhance the methane production from PS. This is in contrast to results of previous 
studies where the FNA pre-treatment enhanced methane production from WAS (Chapter 5) (Wang 
et al., 2013). This can possibly be explained in that PS is inherently more readily biodegradable with 
a low content of biomass, whose endogenous products are generally slowly biodegradable or non-
biodegradable. The ability of various sludge pre-treatment techniques to convert these non-
biodegradable and slowly biodegradable products into readily biodegradable products determines the 
effectiveness of these technologies for enhancing methane production (Jones et al., 2008). Though 
we have reported that FNA could be readily removed through denitrification in anaerobic digester 
and not affect the anaerobic digestion (Wang et al., 2013), the low content of biomass in PS was not 
capable of consuming the amount of nitrite introduced into the system immediately. Therefore, the 
methanogens were inhibited in the beginning as shown in the BMP results. The FNA pre-treatment 
might have enhanced the methane production from PS at a later stage; however, the comprehensive 
effects of FNA yielded eventually a decrease in methane production due to the inhibition of FNA on 
methanogenic activity. 
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Figure 24 Cumulative methane production of solid phase (A) and supernatant phase (B) of PS2 
with and without FNA pre-treatment 
 
Due to the negative effect of FNA pre-treatment on methane production from PS, the FNA-based 
sludge pre-treatment technology should preferably be implemented solely on WAS. This would 
maximise the methane production from the two sludge streams, minimize the investment required, 
and result in maximum economic benefits. 
6.4 Conclusion 
The effect of FNA pre-treatment on methane production from PS was investigated through laboratory 
BMP tests. The main conclusions are: 
 FNA pre-treatment reduces rather than enhances methane production from PS. 
 The methane production from both solid and supernatant phases of the PS decreased when treated 
with FNA, this opposed the effect of FNA on WAS, presumably due to differences in the sludge 
properties of PS and WAS. 
 As FNA pre-treatment of PS had a negative effect on methane production, the FNA-based sludge 
pre-treatment technology should be implemented only on WAS, rather than on a mixture of PS 
and WAS, prior to anaerobic digestion. 
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Chapter 7 Enhancing post anaerobic digestion of full-scale anaerobically 
digested sludge using free nitrous acid pre-treatment 
7.1 Introduction 
Anaerobic digestion is widely used for sludge reduction and stabilization prior to sludge disposal. 
However, as there is an ever increasing production of sludge coinciding with the increasing global 
population, it is desirable to reduce sludge volumes produced by wastewater pre-treatment plants 
(WWTPs). Therefore, post anaerobic digestion of anaerobically digested sludge (ADS) has been 
applied in some WWTPs to enhance sludge reduction. Around 5.5% of sludge degradation (volatile 
solid basis) was observed in a post anaerobic digester with a sludge retention time (SRT) of 4 days in 
a local WWTP in Queensland, Australia (personal communication with industry partners). 
 
The incremental studies on FNA’s role in anaerobic digestion of WAS leads to the hypothesis that 
FNA pre-treatment of anaerobically digested sludge (ADS) is a high potential strategy to enhance 
ADS degradability during post anaerobic digestion. To verify this hypothesis, a full-scale ADS was 
subject to FNA pre-treatment at a series of concentrations (0.77, 1.54, 2.31, 3.08, 3.85 mg HNO2-
N/L) for 24 h. The degradability of the FNA-treated ADS was then assessed through BMP tests and 
compared to that of the untreated ADS. Economic analysis was also conducted to assess the economic 
potential of the FNA pre-treatment method. This is the first study employing the FNA pre-treatment 
method to enhance the degradability of full-scale ADS in post anaerobic digestion.  
7.2 Material and methods 
7.2.1. Sludge sources  
The full-scale anaerobically digested sludge (ADS) was collected from a mesophilic anaerobic 
digester (SRT=20 d) treating mixed PS and WAS in the WWTP as described in section 3.1.1. The 
main characteristics of the ADS (with standard errors obtained from triplicate measurements) were: 
TS 28.2  0.5 g/L, VS 19.4  0.3 g/L, TCOD 29.4  0.5 g/L, SCOD 0.4  0.002 g/L and pH 7.0.  
 
The ADS was transported back to the lab within two hours and divided into two parts. One part was 
stored in a cold room (4 oC) for less than 24 hours before an FNA pre-treatment was applied, the 
treated ADS was then used as substrate in BMP tests. The other part was stored in an incubator (37 
oC) to maintain the bacterial activity and then used as the inoculum in the following BMPs tests.  
7.2.2. FNA pre-treatment of full-scale ADS 
76 
 
Batch tests were used to treat the full-scale ADS using FNA as illustrated in section 3.1.2.3. The 
reactors received an addition of nitrite stock solutions to achieve the designed FNA concentrations of 
0.77, 1.54, 2.31, 3.08, and 3.85 mg N/L, as shown in Table 8. The pH was controlled at 5.5  0.2 
throughout the 24-h treatment, since it is reported that pH treatment on WAS at 5.0~6.0 has no effect 
on the sludge biodegradability (Devlin et al., 2011). A control reactor was operated with ADS with 
no nitrite added and without pH control which varied in the range of 7.2~7.6.  
7.2.3. Anaerobic biochemical methane potential (BMP) batch tests 
The post anaerobic digestion tests were conducted using anaerobic BMP tests to assess if the 
degradation of the full-scale ADS was enhanced by the FNA treatment. The volumes of ADS and 
inoculum in the BMP bottles were as follows: 35 mL ADS and 65 mL inoculum with the inoculum 
to substrate ratio at 2.0 (VS basis). The BMP tests lasted for 4 days, which was consistent with the 
sludge retention time (SRT) that is commonly used at the full-scale post anaerobic digester (personal 
communication with industry partners). The BMP tests were conducted in triplicate. Methane volume 
and concentration were determined with the method described in section 3.1.3. The methane 
production (Bt) from the samples was obtained by subtracting that produced from the blank and was 
reported as the volume of methane produced per kilogram of VS added (L CH4/kg VS added). The 
degradation fraction (Y) of ADS was determined using equation (1): 
Y = 𝐵𝑡/380 × 𝑅𝐴𝐷𝑆 + 1.71 × 𝑆𝑁𝑂2−/𝑀𝐴𝐷𝑆                                                                           (1) 
Where: Bt =biochemical methane production at time t (L CH4/kg VS added); 380=theoretical 
biochemical methane potential under standard conditions (25 °C, 1 atm) (L CH4/kg TCOD) (Metcalf; 
and Eddy, 2003); RADS= measured ratio of VS to TCOD of ADS in this study (0.66 in this study); 
1.71=oxygen equivalent of nitrite (kg O2/kg NO2
--N) (Tchobanoglous et al., 2014); 𝑆𝑁𝑂2−=measured 
nitrite concentration in ADS after treatment (0, 0.1, 0.2, 0.3, 0.4, 0.5 g N/L); and MADS=measured 
TCOD of ADS after treatment (29.4 g COD/L in this study).  
7.2.4 Analysis  
TS, VS, TCOD, SCOD, NH4
+-N, NO2
--N and soluble Kjeldahl nitrogen (SKN) concentrations were 
analyzed with the methods described in section 3.3.1. The concentrations of the aforementioned 
nitrogen species both prior to- and after pre-treatment were expressed as a biomass specific value, 
derived by dividing the concentration by the corresponding VS of the sludge measured before the 
pre-treatment.  
7.3 Results and discussion 
7.3.1. Effect of FNA pre-treatment on ADS degradation in post anaerobic digestion 
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It was seen that the FNA pre-treatment at different concentrations exerted different effects on the 
degradation of ADS at a digestion time of 4 days (Figure 25). The FNA pre-treatment at all 
concentrations resulted in increases in the sludge degradation fraction of 25~ 49% compared to the 
control, with the highest improvement achieved at an FNA concentration of 0.77 mg N/L. The results 
indicate that FNA pre-treatment is effective in enhancing sludge degradation in post anaerobic 
digestion. 
 
Figure 25 The degradation fraction of ADS (%) with and without FNA pre-treatment (Error bars 
show standard errors) 
In addition to the improved sludge degradation fraction, methane production from ADS was 
significantly enhanced with FNA pre-treatment at the concentration of 0.77 mg N/L (Figure 26). 
However, as the FNA concentration increased, a lag time was observed during which the methane 
production from ADS was inhibited. A possible explanation for this is that the introduced FNA/nitrite 
from the FNA-treated ADS having an inhibitory effect. After the 4-day BMP tests, the treatment with 
FNA at 0.77 and 1.54 mg N/L resulted in increased methane production of 40% and 23%, 
respectively, whereas the pre-treatments at higher FNA concentrations resulted in a decline in 
methane production (4.0%~21.2% decrease in methane production compared to that from the 
control). 
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Figure 26 Measured methane production from ADS with and without FNA pre-treatment during the 
4-day BMP tests (Error bars show standard errors) 
Both the highest sludge degradation fraction and methane production were achieved in the case with 
FNA pre-treatment at 0.77 mg N/L. Therefore, FNA pre-treatment at 0.77 mg HNO2-N/L has the 
potential to be applied for ADS pre-treatment in real WWTPs.  
7.3.2. FNA pre-treatment as a potential method for enhancing full-scale ADS degradation in 
post anaerobic digestion 
This study reveals for the first time that FNA is able to enhance the degradation of full-scale ADS in 
post anaerobic digestion. However, the economic potential is the key factor that will determine the 
application of FNA pre-treatment on ADS in full-scale WWTPs. Therefore, a desktop scaling-up 
study on a full-scale WWTP with a population equivalent of 400,000 was conducted with two 
scenarios. The first one took into consideration the fact that FNA can be produced on site. Previous 
study demonstrates that FNA can be produced in-situ as a by-product of wastewater treatment on site 
in a WWTP using anaerobic digestion liquor (Law et al., 2015). The ammonium (~ 1 g N/L) in the 
anaerobic digestion liquor can be converted into nitrite through partial nitritation resulting in a nitrite 
concentration of up to 1 g N/L at pH ~6, equivalent to an FNA concentration in the order of ppm 
level. The production of nitrite is theoretically sufficient for the proposed technology. In the post 
anaerobic digester, nitrite that is brought in by the FNA-treated ADS can be significantly diluted and 
quickly removed via denitrification and therefore will not affect the performance of post anaerobic 
digester. Meanwhile the digestion liquor can be further used for the production of nitrite. Therefore, 
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the nitrite can be circulated within the closed loop, which will help reduce the influent nitrogen load 
of the WWTPs. Alternatively, the other economic scenario was based on the commercial purchase of 
nitrite. The downside of using commercially purchased nitrite is that it introduces an extra nitrogen 
load to the WWTPs. However, this load is negligible in comparison with that in the influent of 
WWTPs since the hydraulic load of digestion liquor typically only accounts for 1% of the total 
hydraulic load of the WWTPs (van Dongen et al., 2001).  
Table 15 Economic analysis of FNA pre-treatment method for enhancing post anaerobic digestion 
of full-scale ADS. 
General parameter Values 
Size of the WWTP (Population equivalent - PE) 400,000 
Decay coefficient of the heterotrophic biomass (d-1) 0.2a 
Decay coefficient of the nitrifying biomass (d-1)  0.1a 
Yield coefficient of the heterotrophic biomass (g COD/g COD)  0.625a 
Yield coefficient of the nitrifying biomass (g COD/g N) 0.24a 
Fraction of inert COD generated in biomass decay (g COD/g COD) 0.2a 
MLSS concentration in the bioreactor (mg/L) 4,000 
MLVSS concentration in the bioreactor (mg/L) 3,200 
SRT in the bioreactor of the WWTP (d) 10 
Solids content in thickened WAS 6% 
Solids content in dewatered WAS 15% 
Mixing energy of the reactor (kwh/(m3d)) 0.12 
Methane calorific value (kwh/kgCH4)            16 
Power price ($/kwh)        0.2 
Conversion efficiency of methane to heat   50%d 
Conversion efficiency of methane to power   40%d 
Cost of sludge transport and disposal  ($/wet tonne) 30~150b 
Price of HCl (32%) ($/tonne) 100c 
Price of NaNO2 ($/tonne) 400
c 
Sludge degradation in the anaerobic digester (MLVSS basis) 30%b 
Period over which capital costs are annualised (i.e. Lifetime)  (year) 20 
Interest applied for initial capital expenditure 8.5% 
Control system 
ADS degradation (VS basis)  6.3% 
Methane production (kg CH4/y) 42,000 
HRT in the post anaerobic digestion reactor (d) 4 
System with FNA  ADS degradation (VS basis) 9.3% 
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pre-treatment 
(producing FNA 
on site) 
Methane production (kg CH4/y) 59,000 
HRT in the post aerobic digestion reactor (d) 4 
ADS treatment time by FNA (d) 1 
pH used in the FNA treatment reactor 5.5 
Concentration of NO2
- in the FNA treatment reactor (mg 
N/L)  
100 
Capital cost of FNA production reactor ($)  45,000 
Annualised cost of FNA production reactor ($/y) 4,500 
Capital cost of FNA treatment reactor ($)  150,000 
Annualised cost of FNA treatment reactor ($/y) 16,000 
Annualised mixing cost of FNA production and 
treatment reactor ($/y) 
1,400 
Annual cost of HCl ($/y) 50,000 
Storage time of HCl (d) 30 
Capital cost of HCl storage reactor ($)  47,000 
Annualised cost of HCl storage reactor ($/y) 4,900 
Annual cost associated with ADS treatment ($/y) 76,500 
Annual extra heat production from methane conversion 
(compared to the control system) (kwh/y) 
136,000 
Annual extra power production from methane conversion 
(compared to the control system) (kwh/y) 
109,000 
Annual extra obtained benefit (compared to the control 
system) due to the extra heat and power generation ($/y) 
49,500 
Annual reduced sludge transport and disposal cost 
(compared to the control system) ($/y) 
12,000-
60,000 
Annual saving ($/y) 
-15,000-
33,000e 
System with FNA  
treatment 
(providing FNA 
via commercial 
purchase) 
 
ADS degradation (VS basis) 9.3% 
Methane production (kg CH4/y) 59,000 
HRT in the post aerobic digestion reactor (d) 4 
ADS treatment time by FNA (d) 1 
pH used in the FNA treatment reactor 5.5 
Concentration of NO2
- in the FNA treatment reactor (mg 
N/L)  
100 
Capital cost of FNA treatment reactor ($)  110,000 
Annualised cost of FNA treatment reactor ($/y) 11,000 
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Annualised mixing cost of FNA treatment reactor ($/y) 700 
Annual cost of HCl ($/y) 49,000 
Storage time of HCl (d) 30 
Capital cost of HCl storage reactor ($)  46,000 
Annualised cost of HCl storage reactor ($/y) 4,900 
Annual cost of NaNO2 ($/y) 11,000 
Storage time of NaNO2 (d) 30 
Capital cost of NaNO2 storage reactor ($)  45,000 
Annualised cost of NaNO2 storage reactor ($/y) 550 
Annual cost associated with ADS treatment ($/y) 77,200 
Annual extra heat production from methane conversion 
(compared to the control system) (kwh/y) 
136,000 
Annual extra power production from methane conversion 
(compared to the control system) (kwh/y) 
109,000 
Annual extra obtained benefit (compared to the control 
system) due to the extra heat and power generation ($/y) 
49,500 
Annual reduced WAS transport and disposal cost 
(compared to the control system) ($/y) 
12,000-
60,000 
Annual saving ($/y) 
-16,000-
32,000e 
a Refer to Metcalf; and Eddy (2003). 
b Refer to Foladori et al. (2010), and Jensen et al. (2011). 
c http://www.alibaba.com/ 
d Refer to Carballa et al. (2011) 
e Positive saving can be achieved when the sludge transport and disposal cost was above $65/wet 
tonne 
 
The economic evaluations for both scenarios were carried out based on the experimental results 
presented in this study. A system with an ADS degradation of 6.3% and methane production of 42,000 
kg CH4/y was used as a control. A system with FNA treatment at 0.77 mg N/L for 24 h was designed 
to achieve ADS degradation at 9.3% and methane production from ADS at 59,000 kg CH4/y. All the 
parameters with their values were listed in Table 15 for a detailed calculation on the cost/benefit 
balance in both the control system and the FNA pre-treatment system. The benefits from the improved 
ADS degradation (i.e. decreased sludge transport and disposal costs) saving $12,000 ~ 60,000/y, and 
the enhanced methane production (i.e., its conversion into heat and power)  saving $49,500 per 
annum, as well as deducting the cost for the ADS treatment saving $76,500/y, form the net economic 
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benefit. In the first scenario with onsite produced FNA, the net economic benefit of the FNA pre-
treatment system is estimated to be from $-15,000 ~ 33,000 per annum in comparison to the control 
system without FNA pre-treatment. In the second scenario with nitrite from commercial purchase, 
the net economic benefit of the FNA pre-treatment method is estimated to be similar to that in the 
first scenario at $-16,000 ~ 32,000 per annum. In both scenarios, positive saving can be achieved 
when the sludge transport and disposal cost was above $65/wet tonne. Therefore, the FNA pre-
treatment method is potentially economically attractive for some WWTPs in which the sludge 
transport and disposal cost is above $65/wet tonne. In addition to the potential economic 
attractiveness, the option with FNA production onsite from partial nitritated anaerobic digested liquor 
presents itself with a strong environmental advantage by substantially reducing the addition of nitrite 
to ADS externally. However, it should be noted that this is only a proof-of-concept study to guide the 
design and implementation of further studies in full-scale WWTPs. The benefit/cost balance is subject 
to this study as preliminary and indicative for the future studies. Also, this economic evaluation would 
vary significantly due to the differences in capital costs from region to region and from country to 
country. In addition, the economic analysis also needs to be adjusted to better evaluate the economic 
feasibility of the proposed strategy after full-scale trials. It should also be highlighted that technology 
optimisation (e.g. optimization of the FNA concentration and FNA pre-treatment time) would result 
in further improved economic outcomes for such application at WWTPs. 
7.4 Conclusion 
The feasibility of enhancing degradation of full-scale anaerobically digested sludge (ADS) through a 
post anaerobic digestion based on an FNA pre-treatment was for the first time investigated through 
lab-scale post anaerobic digestion tests. The main conclusions are: 
 FNA pre-treatment is effective in enhancing full-scale ADS degradation in post anaerobic 
digestion by 49% and 42% respectively when FNA pre-treatments of 0.77 and 1.54 mg HNO2-
N/L were applied. 
 FNA pre-treatment in post anaerobic digestion is effective in enhancing methane production from 
full-scale ADS with 40% and 23% increases at FNA concentrations of 0.77 and 1.54 mg HNO2-
N/L, respectively. 
 FNA pre-treatment is an economically attractive method for enhancing post anaerobic digestion 
of full-scale ADS. However, full-scale studies are required to better evaluate this proposed 
method. 
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Chapter 8 Conclusions and future work 
8.1 Main conclusions of the thesis 
All the studies in this thesis on the FNA-based pre-treatment of primary, secondary and digested 
sludges come to the following main conclusions:  
 Combined FNA and H2O2 pre-treatment substantially enhanced anaerobic methane production 
from WAS by 59-83% whereas the H2O2 pre-treatment alone and FNA pre-treatment alone 
enhanced the methane potential by 13~23%, and 56%, respectively. Therefore, it is potentially 
an economically attractive technology for the pre-treatment of WAS prior to anaerobic digestion. 
 The increased methane potential is primarily attributed to the significant increase in rapidly 
biodegradable organics converted from non-biodegradable organics. In addition to sludge 
dissolution, the oxidative and deaminative depolymerisation of proteins, amino sugars and amino 
bases in nucleic acids by FNA and/or its derivatives breaks down large molecules to smaller 
molecules. 
 The methane production from both solid and supernatant phases of the PS decreased when treated 
with FNA, this opposed the effect of FNA on WAS, presumably due to differences in the sludge 
properties of PS and WAS. This discovery implies that the FNA-based sludge pre-treatment 
technology should be implemented only on WAS, rather than on a mixture of PS and WAS, prior 
to anaerobic digestion. 
 FNA pre-treatment is effective in enhancing full-scale ADS degradation in post anaerobic 
digestion by 49% and 42% and methane production by 40% and 23% with FNA pre-treatment at 
concentrations of 0.77 and 1.54 mg HNO2-N/L, respectively. This indicates that it is an 
economically attractive method for enhancing post anaerobic digestion of full-scale ADS. 
However, full-scale studies are required to better evaluate this proposed method. 
As a result of the outcomes of this thesis, an integrated FNA-based sludge pre-treatment scheme is 
proposed for reducing sludge volumes and increasing methane production at a full-scale WWTP 
(Figure 27). 
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Figure 27 A diagram of an integrated application of FNA-based sludge pre-treatments in a WWTP 
for reducing sludge volumes and increasing methane production. 
8.2 Recommendations of future work 
In addition to the research objectives investigated so far in my PhD thesis, many research challenges 
have been identified that entail further research. Some of these are summarized below: 
 Although the FNA-based strategy has been demonstrated to be effective in reducing sludge 
production and enhancing methane production, the optimal pre-treatment conditions have not 
been revealed. Therefore, with the aid of my PhD study regarding the FNA treatment 
mechanisms, technology optimization of FNA concentration and treatment duration should be 
carried out. 
 The dewaterability of the digestate after applied pre-treatment was not investigated due to the 
limitations of the laboratory scale biochemical methane potential batch tests. However, since it 
may impact on the wide applicability and economic feasibility of the FNA-based sludge pre-
treatment technologies, it is important to evaluate the effects of the pre-treatment on the 
dewaterability of digestate in future pilot-scale studies. 
 It is shown that FNA plays an important role in enhancing the anaerobic digestion efficacy and 
it is known that FNA has selective inhibition on NOB in comparison to AOB (Wang et al., 2014). 
Consequently, there is the possibility in aerobic digestion to enhance the sludge reduction by 
producing FNA in situ using the selective inhibition of FNA to eliminate NOB while maintaining 
AOB. The feasibility of this idea requires further study. 
 In situ production of FNA from anaerobic digestion liquor could substantially reduce the cost 
and bring environmental benefits as well. Though, biological nitritation could efficiently convert 
ammonium into nitrite (Law et al., 2015), acids are still required to achieve the pH that yields 
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FNA at a desirable concentration for the sludge pre-treatment. With the assistance of 
electrochemical system, acids can be produced in the anode and the nitrite in the partially nitrated 
digested liquor can be concentrated into anode chamber as well, in which FNA can be formed. 
Therefore, sludge pre-treatment with an in situ production of FNA through an electrochemical 
system is worth investigating. 
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